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Abstract 

 

Engineering surfaces that mimic the highly structured environment of 

cells in tissue, has become a key issue in biomaterials science. However, the 

effect of nanostructured materials on cell behavior has not well been 

understood yet. In this context, the aim of this thesis is to better understand 

the cell-material interactions through elaboration of heterogeneous surfaces 

for the control and modulation of collagen organization and evaluation of 

pre-osteoblast behavior. 

Heterogeneous surfaces were prepared using demixing of polystyrene 

(PS) and poly(methyl methacrylate) (PMMA) from solutions in different 

solvents and with different polymer ratios. Substrates with PMMA 

inclusions in a PS matrix and, conversely, substrates with PS inclusions in a 

PMMA matrix were elaborated.  

A range of different collagen organizations was obtained on the 

designed PS/PMMA films. Inclusions size was revealed as an important 

parameter in the control of collagen organization. If the PS domains were 

above 600 nm wide, a heterogeneous distribution of collagen was found, in 

agreement with observations made on pure polymers (assemblies of a few 

collagen molecules on PMMA vs bigger assemblies on pure PS). Otherwise, 

fibrils formed in the PS domains, were longer and thinner compared to the 

ones observed on pure PS.  

Pre-osteoblast cultures on bare and collagen-coated PS/PMMA films 

revealed two main effects: (i) the developed cell area on heterogeneous films 

is intermediate between the ones observed on each pure polymer, (ii) a 

higher cell density is always observed on heterogeneous films compared to 

the corresponding pure polymers. 

Bio-interfaces with chemical heterogeneities at the submicrometer 

scale thus trigger particular collagen organizations and cell behaviors, which 

open perspectives for biomaterials science and tissue engineering. 
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List of abbreviations used for the polymer blends: 

PS/PMMA 

5/95t polymer film prepared from a 5% PS/95% 
PMMA (w/w) toluene solution 

30/70t polymer film prepared from a 30% PS/70% 
PMMA (w/w) toluene solution 

30/70d polymer film prepared from a 30% PS/70% 
PMMA (w/w) dioxane solution 

90/10d polymer film prepared from a 90% PS/10% 
PMMA (w/w) dioxane solution 

PS/PMMA-r-PMAA 

20/80rd polymer film prepared from a 20% PS/80% 
PMMA-r-PMAA (w/w) dioxane solution 

30/70rd polymer film prepared from a 30% PS/70% 
PMMA-r-PMAA (w/w) dioxane solution 

80/20rd polymer film prepared from a 80% PS/20% 
PMMA-r-PMAA (w/w) dioxane solution 

90/10rd polymer film prepared from a 90% PS/10% 
PMMA-r-PMAA (w/w) dioxane solution 

PS-b-PEO/PMMA 

40b/60d polymer film prepared from a 40% PS-b-
PEO/60% PMMA (w/w) dioxane solution 

60b/40d polymer film prepared from a 60% PS-b-
PEO/40% PMMA (w/w) dioxane solution 

80b/20d polymer film prepared from a 80% PS-b-
PEO/20% PMMA (w/w) dioxane solution 

40b/60t polymer film prepared from a 40% PS-b-
PEO/60% PMMA (w/w) toluene solution 

60b/40t polymer film prepared from a 60% PS-b-
PEO/40% PMMA (w/w) toluene solution 

70b/30t polymer film prepared from a 70% PS-b-
PEO/30% PMMA (w/w) toluene solution 
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1. Introduction 

1.1.  Context of the research 

Biomaterials are commonly defined as materials designed to be 

placed in contact with biological systems. Although biomaterials are 

primarily used for medical applications (prosthesis, contact lenses, 

pacemakers,…) they are also used to grow cells in culture, in apparatus for 

handling proteins in the laboratory, in devices to regulate fertility in cattle, in 

the aquaculture of oysters,…1 

A key aim for biomaterials researchers is to elicit specific cell 

responses using spatial cues. Biomaterial surface properties may stimulate 

cells through physical forces, chemical interactions or through topography. 

Traditionally, in the case of medical applications, inert materials have been 

used, the goal being to simply avoid implant rejection. A major problem is 

that these ‘inert’ materials can be encapsulated by the body.2  

At present, there is a considerable focus on developing next-

generation materials. These materials will not only be tolerated by the body, 

but will also give organized tissue repair. This may be achieved through the 

use of bioactive compounds immobilized on or delivered by the material. An 

even more advanced idea consists in, engineering tissues and organs in vitro 

that could be further implanted into the patient to overcome the limitation of 

organ and tissue transplantation (scarcity of donors and a high risk of 

rejection after grafting). The strategy consists firstly in performing a biopsy 

and collecting cells that are cultured in vitro and proliferate. Cells are then 

transferred onto a scaffold together with growth factors to enhance 

proliferation and reimplanted into the site of damage of the patient to 

integrate with the natural tissue. (see Figure 1). 

Central to improving tissue engineering is the development of 

materials that will influence mesenchymal stem cell differentiation into a 

specific cell type rather than capsule-forming fibroblasts when it is 

implanted. This will imply three considerations: (i) to isolate the appropriate 

cell source (proliferation and differentiation, cell-to-cell signaling, 

biomolecule production and formation of extracellular matrix), (ii) to 
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provide appropriate environmental conditions (medium, growth factors) for 

tissue maintenance and (iii)  to develop the proper substrates or scaffold for 

cell survival and differentiation.3, 4 

 

 

Figure 1: The typical tissue engineering approach. (1) Harvest cells from human (or animal) 
sources and expand them in vitro. (2) Seed cells on scaffolds which may incorporate 
biomolecules. (3) Implant cells scaffold at injury site. (4) Healing takes place: cells 

differentiate and form tissue. (adapted from5) 

Finally, the common thread between the diverse biomaterials used is 

the interaction between biological systems and synthetic (or modified 

natural) materials. In some cases, biomaterials will need to be modified to 

enhance migration and attachment of specific cell populations (with a view 

to repair or replace a damaged tissue), while in other cases, biomaterials will 

need to be modified to be repellent to cell adhesion and proliferation (contact 

lenses, blood bags). The control of cell-material interactions then appears to 

be a critical factor in the development of an appropriate cell response and 

will be the main focus of the present thesis.  
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1.2.  The importance of adhesion proteins in cell behavior 

1.2.1.  Cell adhesion 

For most cell type, adhesion is essential to their survival. Cells in 

their natural environment are anchored by discrete links to proteins in the 

extracellular matrix (ECM). The ECM comprises a multitude of different 

proteins and proteoglycans mixed into an intricate network of 

macromolecules expressed, secreted, deposited, and processed by, and also 

fully surrounding, cells within tissues. Similarly, in vitro, cell attachment 

does not take place directly to the naked surface of the material but need to 

be mediated by ECM proteins recognized by cell receptor. These proteins, 

which include vitronectin, fibronectin, laminin and collagen, are called 

adhesion proteins. The substratum can be either coated by these proteins 

before cell inoculation, or be conditioned by them after inoculation owing to 

proteins synthesis by the cells themselves or to proteins coming from the 

serum-supplemented culture medium. The ability of materials to adsorb such 

proteins in an active form will determine their ability to support cell 

adhesion and spreading and, hence, is an important aspect of their 

biocompatibility. For example, it was demonstrated that more cells bind to 

hydrophilic surfaces than hydrophobic surfaces coated with fibronectin even 

though more fibronectin is bound to the hydrophobic surface, probably 

present in a less active form. 6, 7 

After being covered by proteins, the substratum surface is able to 

support cell adhesion which encompasses two different phenomena. First, an 

attachment phase will occur rapidly by involving gravitation and 

sedimentation to up to about 50 nm from the surface whereupon physical 

and biochemical forces act to close the cell-surface distance gap.8, 9 

Afterwards, cells will attach firmly to the substratum leading to longer term 

adhesion thanks to various biological molecules: adhesion proteins (as 

mentioned above), cell membrane proteins and cytoskeleton proteins which 

will interact together to induce signal transduction and regulation of gene 

expression.  
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The ECM adhesion proteins exhibit conserved motifs in their 

sequences (called adhesion sequences) recognized specifically by cell 

membrane receptors (called adhesion molecules).  The main class of 

adhesion molecules is the integrin receptor family. The integrin family is 

composed of  heterodimers of two types of sub-units, α and β. So far, 8 β and 

18 α different integrin subunits have been found. These integrin subunits 

associate to form 24 distinct αβ combinations, and each of the resulting 

integrins has binding characteristics as summarized in Figure 2. Most 

integrins bind to several types of ECM molecules and conversely, ECM 

molecules bind to more than one integrin. Integrins can also undergo 

bidirectional signaling. That is, when ECM binds to the extracellular domain 

of integrins, it activates intracellular signaling (outside in signaling). 

Conversely, intracellular signaling can affect the conformation of an 

integrin, which modulates its affinity to its ligand (inside out signaling).5  

 

Figure 2: Integrin α and β subunits combinations. Biological specificity for adhesion motifs 
are depicted in colors: collagen receptors in blue, laminin receptors in green, RGD receptors 

in orange and leukocyte-specific receptors in pink (purple meaning both collagen and 
leukocyte-specific receptors). (adapted from10). 

Integrins are approximately 10 nm in diameter5, 11 and both α and β 

subunits have large extracellular domains (about 20 nm long)5 and small 

cytoplasmic domains. The extracellular domains serve to recognize and bind 

ECM molecules. Upon ECM molecules binding, integrins can cluster and 
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their cytoplasmic domains provoke the recruitment of tensin and focal 

adhesion kinase, their phosphorylation and subsequently the recruitment of 

talin, vinculin, and α-actinin. Talin, vinculin and α-actinin link the F-actin 

fibers to the plasma membrane. The rearrangement of F-actin fibers into 

bundles induces cell shape changes.8 These clusters of integrins are called 

adhesion plaque and are often located in the periphery of the cell. In general, 

they are several square microns in area and can reach 30 µm long on 

cultured myoblasts.12, 13  

1.2.2.  Cell morphology, motility, proliferation and differentiation 

As mentioned above, cell adhesion is the first event in cell behavior 

and its quality will strongly influence the subsequent responses. By 

connecting integrin clusters and the nucleus with the actin cytoskeleton, the 

focal adhesion will induce changes in cell shape which will modify the 

nuclear matrix and thereby modify gene expression and cell phenotype.8 

Gene and protein expression, as well as phenotypic modulation are also 

regulated by potent signaling cascades towards the nucleus, set off by 

transduced signals from outside the cell. These signals are ECM soluble 

(growth factors, cytokines, hormones) and insoluble (collagen, fibronectin, 

glycoaminoglycans,…) factors, which are transduced into the cell thanks to 

cell receptors. They are also mechanical stimuli coming from the local 

environment. Resulting gene expression regulates normal cell functions such 

as cell motility, proliferation, cytoskeletal organization, cell survival, and 

protein production that provides signals to other cells upon release (see 

Figure 2).14 

Consequently, the development of appropriate cell morphology, 

motility, proliferation and differentiation is regulated by a multitude of 

factors (soluble and insoluble molecules as well as the mechanical 

environment). In the frame of this thesis, the focus will only be put on the 

role of adhesion proteins in cell-material adhesion. Cells fate is indeed not 

only determined by the presence or absence of these adhesion proteins but is 

also directed by binding to the adhesion sequences and receptor clustering, 

which are strongly influenced by parameters such as the distribution of 
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ligands (i.e. the adhesion sequences present on the adhesion proteins) on the 

substratum, the surface topography and the surface rigidity.  

 

Figure 3: Bioactive signals within the extracellular environment and global “outside-in” 
signaling pathways for a cell interacting with extracellular matrix (ECM). FAK (focal 

adhesion kinase), T (talin), V (vinculin), Ten (tensin), Pax (paxillin), α-A (α-Actinin).14    

 

Cell response to the distribution of ligands 

The distribution of ligands on substratum and the availability of the 

appropriate binding sites were seen to be very important in cell adhesion, 

spreading and subsequent functions.  
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The optimization of cell function by controlling cell-adhesive ligand 

spacing was examined and it was suggested that the ligand spacing required 

for completing cell spreading and focal contacts varied from 10 nm to 

several hundred of nanometers.15, 16  Additionally, an increasing number of 

ligands on substratum was shown to be correlated with increasing cell 

attachment strength while the average speed of cell migration exhibited a 

maximal value occurring at an intermediate value of cell-substrate adhesive 

strength.17-19 At low ligand densities, cell motility is limited due to the lack 

of available binding sites, but that at high ligand densities, the surface is too 

adhesive, so that cell locomotion is severely restricted. In fact, cell migration 

influences proliferation, and it has been theorized that an optimal ligand 

density exists for both cell behaviors and ultimately phenotypic expression.20 

Finally, proliferation and differentiation are also dependent on the ability to 

disengage cell-surface connections, and are thus seen to be dependent on 

ligand distribution.21, 22  

In addition to the ligand density, microscale ligand patterning was 

also shown to be determinant for the control of cell functions. Cell 

spreading, position and functions can be controlled independently of the 

amount and density of immobilized integrin ligands by culturing cells on 

single adhesive islands (surrounded by non-adhesive regions) of different 

sizes (100 to 200 µm²) and shapes (squares, circles, and lines). Islands shape 

was found to govern cell shapes and whether individual cells grow or die, 

regardless the type of adhesion protein or integrin used to mediate 

adhesion.23, 24 Few studies have also assessed gene expression and 

differentiation behavior of cells which were confined inside patterns. This 

gave new insights into the role of cell shape, cytoskeletal tension, and 

nucleus distortion in cell signaling.16 

Cell response to topography 

Altering substratum topography is a noninvasive and nonbiological 

method to regulate cell function; because textured surfaces serve only as an 

extracellular physical milieu without involving biomolecules. Topography 

would act as an “outside in” signal providing biomimetic cell-stimulating 

cues (like cells in vivo contacting textured surfaces of the ECM).16  
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With regards to anisotropic topographies such as ridges and grooves, 

studies have examined whether cells align along the features main direction, 

irrespective of micro- or nanoscale (cell contact guidance). Although long-

term cell behaviors largely remain unknown, anisotropic topographies 

induce drastic changes in morphology, cytoskeleton and focal adhesions.25, 26 

Grooved topographies generally induce elongated shapes with cell 

cytoskeleton directional organization, and the scale of anisotropic cues will 

determine if cell alignment happens or not. Cell orientation generally 

increases with increasing groove depth but decreases with increasing groove 

width or pitch. Additionally, the scale of the cues also determines whether 

cells bridge between ridges or conform to grooves. With decreasing groove 

width and increasing grooved depth, cells tend to bridge the ridges without 

descending into the grooves.16 

With regards to surfaces uniformly or randomly textured with 

topographic features (pits, pillars, islands, ribbons…), a control of more 

general cell functions (such as morphology, proliferation, differentiation,…) 

would be expected rather than specifically contact guidance expected in the 

case of anisotropic cues. The topographic scale again determines whether 

specific cell functions are altered or not. Micro- and nanotextured surfaces 

can induce positive stimulations in various cell functions. Although the 

comparison of various isotropic topographies may currently be difficult, 

because of diversities in topographic size, shape, uniformity, and even 

chemistry, a tentative trend can be drawn for a limited range of 

nanotopographic scale such that cell functions are positively stimulated at 

smaller nanotopographic scale (~10 nm in height or depth) and this effect is 

less pronounced with increasing nanotopographic scale up to approximately 

100 nm.16 

Cell response to surface rigidity/mechanical coupling 

 In addition to surface architecture, topography, ligand type, density, 

and accessibility affecting cellular behavior, substrate mechanical properties 

are now becoming recognized as an important “outside in” parameter as 

well. In particular, cell focal adhesions associated with integrin cytoplasmic 

regions act as mechanosensors that convert mechanical forces into 
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biochemical signaling. Consequently, cells are very tactile, constantly 

applying forces via mechanically active structures (as cytoskeletal features) 

by pushing or pulling to actively probe the mechanical properties of their 

surroundings and respond accordingly via their degree of spreading. It was 

shown that ligand density and substrate stiffness are significantly coupled 

variables that together determine average cell behaviors, such as extent of 

cell spreading, shape and molecular organization. If the substrate is too soft, 

cells do not respond to increases in adhesion ligand density: pliable or water-

swollen, soft substrates (like hydrogels) require substantial ligand densities 

(~1000 times higher) to elicit similar responses to more rigid substrates. 

moreover, depending on the elastic properties of the matrix, cells respond by 

orienting in the direction of the greatest effective stiffness with subsequent 

strengthening of their adhesion contacts with the cytoskeleton. In essence, 

cells are guided by elasticity gradients, preferring regions of greater 

stiffness.14  

1.3.  Collagen 

One of the major factors affecting cell behavior at material surfaces is 

thus the distribution of adhesion sequences (ligands) which is strongly 

dependent on the conformation and supramolecular organization of adhesion 

proteins. Adhesion proteins are deposited on materials through adsorption 

which is a spontaneous and often irreversible process that occurs when 

almost any foreign surface is exposed to a protein solution. Initial adsorption 

occurs rapidly, effectively preventing direct interactions between cells and 

the substratum surface. Adsorption may be promoted or opposed by a 

number of potential enthalpic and entropic changes within the surface-water-

protein system which will severely differ in function of the involved protein. 

In the present work, we decided to focus on type I collagen, an important 

adhesion protein.  

1.3.1  Collagen structure 

Collagen molecule are composed of three polypeptide chains (α 

chains) that fold together to form the characteristic triple helical collagenous 

domain (see Figure 4). Several types of collagen exist, which contain either 
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three identical α chains (homotrimers) or a mixture of two or three 

genetically distinct chains (heterotrimers). The sequence required to form a 

collagenous domain are Glycine-X-Y repeats in which the X and Y positions 

are frequently proline and hydroxyproline, respectively. Glycine is required 

every third residue as it is the only amino acid small enough to pack into the 

central core of the triple helix. Amino acids with larger side groups cannot 

fit into the available space in the core of the helix and hence disrupt or 

prevent folding of the helix during trimer assembly. The hydroxyproline 

residues stabilise the triple helical domain by hydrogen bonding along the 

helix.27  

 

Figure 4 : Collagen molecule structure and self-assembly. (adapted from 28, 29) 

 

More than 20 genetically distinct collagens exist in animal tissues. 

The fibrillar forms comprise collagen types I, II, III, V, XI, XXIV and 

XXVII. 30 Depending on the tissue, fibrils are arranged with different 

suprafibrillar architectures and with diameters up to 500 nm. Small-diameter 

fibrils (~20 nm) are found in cartilage and also in cornea, whereas in the 

latter the highly ordered arrangement of fibrils within orthogonal lamellae is 

essential for optical transparency.31  
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Type I collagen is quantitatively the most abundant fibrillar collagen 

in the body and is the major structural protein of bone and teeth as well as of 

many other tissues.27 The collagen type I molecules (the triple chains) are 

semiflexible rods of approximately 300 nm in length and 1.5 nm in diameter 

and have the ability to self-assemble. A widely accepted model of collagen 

axial and lateral molecular packing involves five molecules which fold 

together. These five molecules packing serves as a basis for the formation of 

microfibrils which can further grow into larger fibers which show a 

characteristic band pattern, called D-period. D-periodicity is the result of a 

67 nm axial shift between the molecules in parallel array (see Figure 4). The 

self-assembly/polymerization of collagen molecules into fibers is a thermally 

driven process implying water-mediated intra- and interbridges between the 

polypeptide helices32, hydrophobic interactions between adjacent 

molecules33, electrostatic interactions34, as well as interactions with specific 

binding sites for fibril formation in different regions of the collagen 

monomers.35 Fibrils have been shown to form in vitro as well as in vivo.27, 36   

As mentioned before, in vivo, collagen fibrils are assembled into 

matrices with a variety of organizations and ultrastructures, which range 

from parallel bundles in tendons and ligaments, to orthogonal lattices in 

cornea, and interlocking weaves in blood vessels, skin, and bone. Despite the 

extensive amount of research on the details of collagen self-assembly, the 

process through which this high order of organization is produced in vivo 

and during development has not been clarified yet. Even if collagen 

molecules have the ability to self-assemble, in vivo, fibrils will not form in 

the absence of fibronectin, fibronectin-binding and collagen-binding 

integrins, and collagen type V. Fibrillar collagens have in fact ~50 known 

binding partners in vivo. Consequently, faced with so many potential binding 

partners, collagen molecules might easily be sequestered into dead-end 

molecular interactions, which would lower the effective concentration of 

collagen monomers available to form fibrils by self-assembly/polymerization 

process. This number of binding partners is presumably required to generate 

the diversity of fibril patterns. It was then suggested that cells use collagen 

type V to nucleate collagen fibrils, and fibronectin and integrins to specify 

their site of assembly. By localizing fibril formation close to the plasma 
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membrane, the cell maintains tight regulatory control of collagen 

fibrillogenesis, which is clearly essential for the formation of long-range 

packing assemblies of collagen fibrils in different tissues.37  

On the other side, in vitro, purified collagen spontaneously assembles 

into fibrils because collagen molecules are free to bind to other collagen 

molecules, and only collagen molecules. However, collagen polymerization 

in solution may still be influenced by some parameters, namely, the collagen 

extraction process and the solution properties (pH, ionic strength and 

temperature). Collagen solutions are extracted from vertebrate tissues and 

brought into solution without denaturation. Collagen extraction may be 

performed in three different ways: (i) dissolution in cold neutral salt 

solution, (ii) dissolution in low ionic strength acidic solution or (iii) by 

limited enzyme digestion. The first two techniques lead to collagen solutions 

with more aggregates than the third one.38, 39 However, the use of solution 

extracted with the third technique will lead to less collagen polymerization. 

The solubilization of collagen by enzyme digestion proceeds with the 

cleavage of the telopeptides (non-helical end) of collagen monomers which 

decreases collagen self-assembly. Regarding the pH dependence of the 

collagen polymerization, level aggregation tends to increase when the pH 

approaches the isoelectric point (iep). Around the iep, the surface charge of 

the collagen monomers is reduced, which would minimize electrostatic 

repulsion and favor collagen molecule aggregation.34 However, there is no 

consensus in the literature regarding the iep value of collagen. This may be 

partly due to the extraction process which leads to variation in the length of 

the non-helical domains of the molecule and in the level of aggregation, 

affecting the pHiep. This may also result from the very anisotropic shape of 

collagen molecules, which affects the electrokinetic measurements.  

Experimental values of pHiep, of 6.040 and 9.341 were reported for type I 

collagen. It was also demonstrated that the ionic strength and the nature of 

the salt could influence the pHiep and thereby influence the level of 

aggregation. The pHiep of collagen was found to be 9.2 in 12 mM NaCl and 

7.4 in 12 mM NaCl and 10 mM Na2HPO4.
34 Collagen fibril formation in 

solution also depends on temperature. Polymerization is, in fact, known to 

be initiated by warming. However, temperature of fibril formation can 
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coincide with temperature of denaturation of monomeric collagen. This is an 

opposite process consisting in a melting of the triple helix leading to the 

rupture of hydrogen bonds and to a rearrangement into a random chain 

configuration.42 The melting point of collagen as well as his thermal stability 

increase slightly with increasing pH, and aggregate denaturation occurs at 

higher temperature compared to monomeric molecules.43, 44 The melting 

point of the collagen monomer ranges from 32°C-33°C at pH 2 to 39°C-

40°C at pH 7; newly formed fibrils melt at 52°C.44  It was suggested that the 

increase in the inherent stability of the collagen helix with pH was partially 

related to stability conferred to collagen by aggregation.44  

1.3.2  Control of collagen layers organization at solid interfaces 

Owing to its rather rigid structure, collagen is not easily deformable 

upon adsorption. Then, rearrangement in the protein structure should not 

greatly contribute to the driving force of adsorption, contrarily to the 

behavior of most globular proteins. The nearly independence of collagen 

adsorption with respect to ionic strength and pH leads to the conclusion that 

ionic and electrostatic interactions do not control collagen adsorption 

either.45 The main driving force for collagen adsorption should thus be a gain 

of entropy due to a change in the hydration state of the sorbent and of the 

protein surface, involving hydrophobic interactions and van der Waals 

forces.36 

Collagen adsorption has been studied for more than 30 years and 

many factors were then identified as critical in controlling the 

supramolecular organization of collagen at solid interfaces. Those factors 

can be classified into three categories: (i) the collagen solution properties, 

(ii) the adsorption conditions and (iii) the substratum properties. 

Influence of the collagen solution state:  

Collagen solutions contain mainly collagen monomers (triple helix) 

and some aggregates. The proportion of aggregates depends on extraction 

conditions and on solution properties (as discussed in the previous section) 

but also on tissue age and organ from which collagen is extracted. Pure 

monomer solutions are, indeed, difficult to obtain.39 The proportion of 
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aggregates in solution will strongly influence the self-assembling at 

interface. It was demonstrated that more aggregated solutions behave like 

less concentrated solutions and lead to a lower adsorbed amount and less 

fibril formation at the interface. This is explained by a competitive 

adsorption process between monomers and aggregates of the solution, 

turning at the advantage of monomers.46  

Accordingly, collagen solutions are generally stocked in such 

condition that collagen self-assembly is limited, with the monomeric form 

mainly (considered as soluble), that is to say in cold and acid solutions. For 

adsorption experiments, if the purpose is to study collagen self-assembly at 

solid interface, collagen solutions properties need to favor the aggregation. It 

has been found that conditions for the formation of native type fibrils are in 

the pH range of 5.0–8.5, ionic strength between 0.1 and 0.8, and 

temperatures between 15 and 37 °C.47, 48  

Influence of the adsorption procedure 

Besides the conditions and methods used to prepare collagen 

solutions (discussed deeply in the previous section), the duration of 

adsorption as well as drying conditions after the adsorption time will greatly 

influence the obtained collagen organization at interfaces. 

The evolution of the adsorbed collagen layer in function of the 

duration of adsorption was studied in terms of adsorbed amount and 

organization. At a collagen concentration of 40 µg/mL, the adsorbed amount 

was seen to increase sharply up to 2 h, after which a plateau was reached. 

However changes in the organization of the collagen layer are still present 

between 2 h and 24 h, at almost constant adsorbed amount and imply the 

formation of fibrils. These reorganizations may be explained either by 

exchanges between adsorbed collagen and collagen molecules in solution, or 

by reorganization of adsorbed collagen at interface.49, 50 

The rate of drying has also a striking effect on the organization of the 

adsorbed layer obtained at low concentration and short adsorption times. A 

smooth layer is formed after fast drying while slow drying produced a net-

like structure.49, 51 The formation of such net-like structure is attributed to the 

rupture of the liquid film by dewetting, collagen being displaced by the 
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water meniscus.52 The formation of the net-like structure did not occur when 

increasing collagen concentration in the solution used for adsorption. The 

increased intermolecular collagen associations are thought to prevent the 

displacement of collagen along the surface plane.53 Note that applying fast 

drying with a nitrogen flow after collagen adsorption preserves the structures 

formed under water. Since atomic force microscopy (AFM) images obtained 

in contact mode in water, in tapping mode in water and in contact mode in 

air are consistent with each other, the observed structures in air are not 

artifacts. Nitrogen flow, then, preserves the structures while giving them a 

sharper contrast, which indicates that the adsorbed layer would be swollen in 

water.46  

Influence of the properties of the substratum 

As it was briefly mentioned at the beginning of this introduction, 

material properties, such as surface topography and crystallinity, 

hydrophobicity, roughness, and chemical composition can drastically affect 

the organization of the adsorbed protein layer and its subsequent biological 

activity. Many material properties are also shown to influence collagen 

organization at interfaces. 

A number of studies have examined the effect of substrate surface 

chemistry on the adsorption of collagen from solution and have concluded 

that both the amount of adsorbed collagen and its structure mainly depends 

on the surface wettability. Elliott et al. studied the effect of a range of 

homogeneous surfaces with different wettabilities on collagen fibril 

formation, using self-assembled CH3-, COOH-, NH2- and OH-terminated 

alkylthiolate monolayers. They then compared these results with substratum 

of varying surface energy by using mixtures of OH- and CH3- terminated 

thiols. Their results showed that the formation of large fibrils did not occur 

on the charged and hydrophilic surfaces. This leads to the conclusion that 

hydrophobicity of the material surface was the significant factor in 

controlling the supramolecular structure of adsorbed collagen. They also 

mentioned a water contact angle limit of 63° below which large fibril 

assembly would not form.54  
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In our laboratory, the organization of collagen on hydrophobic and 

hydrophilic  surfaces has been studied thoroughly for many years. The 

combination of the information brought by AFM in its different operating 

modes together with the data from radioassays and quartz crystal 

microbalance lead to a model of the organization of collagen adsorbed 

layers, as illustrated by Figure 5.  

 

Figure 5: Schematic representation of the organization of adsorbed collagen layers on 
hydrophobic and hydrophilic substrates. (adapted from 55) 

 

On hydrophobic substrates, if the concentration is high enough, collagen 

molecules are in contact with the substrate only through some segments, 

leaving part of the molecules dangling in solution. This would explain the 

higher reversibility of adsorption. Fibrillar structures are thought to be 

bundles formed by self-assembly of these mobile segments. On hydrophilic 

substrates or at low concentration, the collagen molecules tend to lie along 

the surface plane and are intermingled into a felt, which is more compact, 

less compressible, and more mechanically resistant. The adsorbed molecules 

may reorganize slowly with time, finally also producing fibrillar structures 

as a result of the tendency to self-assemble.55, 56  

Besides the hydrophobicity of the substratum, the collagen layer 

morphology was seen to clearly depend on the substratum topography. 

Substrates with the same chemical composition, either smooth or 

nanostructured, were created and collagen was observed on them. The 

presence of nanometer-scale protrusions hindered the formation of collagen 

fibrous structures. This effect was attributed to differences in the protein 

mobility: while the collagen molecules would be relatively free to move and 

hydrophilic hydrophobic 
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assemble on smooth surfaces, the nanoscale protrusions of rough substrata 

would inhibit the collagen mobility.57  

Finally, the surface crystalinity of the substratum was also shown to 

be determinant for collagen organization. Studies performed on mica have 

shown that the crystallographic orientation of the mica surface could 

influence collagen alignment. On muscovite mica, unidirectionally aligned 

layer of collagen were formed, while on phlogopite mica, collagen 

assembled into a novel triangular network. The mica lattice was thus seen as 

leading the growth direction of fibrils during the nucleation step of collagen 

fibril formation.58  

1.4.  Heterogeneous surfaces 

In their natural environment, cells are confronted to nanostructured 

surfaces since extracellular matrix is a highly structured environment. Cells 

are then highly sensitive to surfaces which are heterogeneous at the 

nanoscale. Engineering surfaces that closely mimic the complexity and 

functionality of the ECM has currently become one of the challenging aims 

in biomaterials science. 

1.4.1.  Case of bone tissue engineering applications 

Bone tissue is a nanocomposite that consists of a protein-based soft 

hydrogel template (i.e., collagen, non-collagenous proteins (laminin, 

fibronectin, vitronectin) and water) and hard inorganic components 

(hydroxyapatite). Bone is then a self-assembled nanostructured ECM that 

closely surrounds and affects mesenchymal stem cell, osteoblast, osteoclast 

and fibroblast adhesion, proliferation and differentiation.59 The design of 

novel nanomaterials which not only possess excellent mechanical properties 

but are also biomimetic in terms of their nanostructure, has become a key 

issue in biomaterials and tissue engineering fields. Therefore, in the case of 

bone tissue engineering applications, various nanophase ceramics, metals, 

polymers and composite scaffoldds have been designed by controlling 

surface properties. 
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Ceramics, such as hydroxyapatite (HA) (native constituent of bone), 

are popular bone substitutes due to their ability to promote mineralization. In 

vitro studies demonstrated that nanophase-HA significantly enhanced 

osteoblast adhesion and osteoclast-like function, and strikingly inhibited 

competitive fibroblast adhesion compared to conventional grain size HA.60, 61 

Nanophase metals have been extensively investigated for orthopedic 

applications due to their higher surface roughness, energy, and presence of 

more particle boundaries at the surface compared with conventional metals. 

For example, nanophase titania (Ti), Ti-6Al-4V and CoCrMo alloys 

significantly enhanced osteoblast adhesion compared to respective 

conventional metals.62 Synthetic and natural polymers (e.g., polyglycolic 

acid (PGA), poly(lactic-co-glycolic acid) (PLGA), poly(L-lactic acid) 

(PLLA), polylactic acid (PLA), polycaprolactone (PCL), gelatin, collagen, 

chitosan) are excellent candidates for bone tissue engineering applications 

due to their biodegradability and ease of fabrication. Nanoporous or 

nanofibrous polymer matrices can be fabricated via electrospinning, phase 

separation, salt leaching, chemical etching and 3-D printing techniques.63 A 

large number of studies report the promises of biomimetic 3-D 

nanostructured polymer scaffolds based on nanocomposite polymers, which 

encapsulate stem cells and/or osteoblasts. The results demonstrated for 

example that osteoblast proliferation, alkaline phosphatase activity and 

mineralization were higher on the highly flexible PCL/HA/gelatin 

nanocomposite when compared to other PCL nanofibrous scaffolds.64  

Since materials presenting nanoroughness appeared to improve 

osteoblast adhesion and differentiation, numerous scaffolds prepared with 

such roughness and/or porosity resulted in successful clinical outcomes and 

are eventually expected to enter the commercial market.65 The positive effect 

of nanoroughness was suggested to be due to an increase of the surface 

energy or wettability which would induce a higher adsorption of proteins 

such as vitronectin (a protein well-known to promote osteoblast adhesion) on 

nanophase materials compared to conventional materials. This would explain 

the subsequent enhanced osteoblast adhesion on these materials.60, 62 
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1.4.2.  Nanopatterning of proteins  

Nanoscale control of ECM-derived peptides and proteins has 

primarily been used for non-regenerative medicine applications, including 

biosensing, drug delivery and for model systems in order to study cell 

functions such as adhesion and spreading. However, since the positive effect 

of nanoroughness observed for bone applications would be due to a 

particular protein distribution, and since integrins and focal adhesions are set 

off by a particular protein distribution on submicron-size scales, there is a 

compelling rationale for also studying the effect of nanopatterned proteins in 

bioadhesive tissue engineering applications. 

Success in nanopatterning proteins in predefined locations is 

principally achieved through two approaches (direct or indirect). Proteins 

were disposed either onto homogeneous surfaces through nanoscale physical 

contact or selectively onto nanoscale chemical patterns from solution. 

 In the first case, the nanometer-scale size of the physical contact was 

controlled by use of scanning probes, direct writing methods using pins or 

tips, or elastomeric stamps. These approaches can allow immobilization of 

proteins at the desired positions with high resolution (i.e. tens of 

nanometers). However, they are less suitable for patterning sensitive 

biological species, since these methods can induce dehydration which could 

lead to protein denaturation and loss of biological activity.66  

In the second case, selective protein deposition was induced by 

specific or covalent bonds toward domains defined by one surface chemistry 

and/or by the relative inertness of the other surface chemistry.66 These 

approaches have been developed using various lithographic techniques, 

typically microcontact printing, photolithography and nanoimprint 

lithography. These lithographic techniques are powerful techniques to obtain 

regular motifs with highly controlled size. For example, owing to this kind 

of techniques, the design of anisotropic, flat, surface chemical nanopatterns 

(alkyl-terminated tracks drawn in an oligo(ethylene glycol)-terminated 

matrix) was achieved and allowed spontaneous adsorption and accumulation 

of collagen on the hydrophobic tracks.67 However these methods are very 

slow and expensive. Moreover, the elaboration of samples with large surface 
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area (required for cell culture for example) at the nanoscale, is difficult to 

achieve. Therefore, more direct and easier approaches were also 

investigated, such as polymer-assisted patterning, even if less regular motifs 

with less control in the obtained sizes can be achieved. Block copolymers 

(giving patterns with nanometer-size scale) or polymer blends (giving 

patterns in submicron-size scale) phase-separated films are thus now widely 

used in protein patterning. For example, PS/PMMA blends were studied as 

templates for albumin patterning. After short adsorption time, albumin was 

found to adsorb preferentially on PS and at PS/PMMA interfaces.68
 

1.5.  Aim and research strategy 

The general aim of this research is to contribute to the development 

of model biointerfaces with a view to better understand and control the cell-

protein-material interactions. More particularly, our research aims at 

developing heterogeneous (submicron scale) surfaces for the control and 

modulation of collagen distribution. This will allow the evaluation of the 

impact of the obtained surfaces on cell behavior. Adhesion protein 

organization is one of the major factors influencing cell adhesion. 

Furthermore, heterogeneity in their distribution could affect the ligand 

availability and interfere with the formation of focal adhesion. This work is 

expected to bring novel information that will be interesting for the design of 

new biomaterials dedicated to tissue engineering applications, resulting in 

the future in successful clinical outcomes. 

A strategy in three steps (as illustrated in Figure 6) was set up to meet 

this objective: 

(i) preparation of the heterogeneous surfaces; 

(ii) protein adsorption; 

(iii) cell culture. 

These three steps are developed here under. 
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Figure 6: Schematic representation of the strategy of the thesis involving three steps.  

 

 1.5.1.  Preparation of the heterogeneous substrates 

 Since collagen adsorption and supramolecular organization depends 

mainly on surface wettability, it was decided to create heterogeneous 

substrates in term of chemical composition, with surfaces containing 

hydrophobic inclusions in a more hydrophilic matrix, or conversely. Polymer 

demixing via spin-coating is a rapid and effective way to generate 

heterogeneous surfaces. The combination of chemical and/or topographical 

features of the heterogeneities can be chosen according to the conditions 

used and consequently, a broad range of different heterogeneities can be 

easily obtained. Since most polymers are immiscible, the combination of 

polymers that can be used to generate the heterogeneous surfaces is very 

broad as well. In this study, the immiscible polymers used for demixing were 

mainly polystyrene (PS) and poly(methyl methacrylate) (PMMA). These 

polymers are commonly used in contact with biological systems (bone 

cement, dental fillings or intraocular lenses in the case of PMMA, and Petri 

dishes or multi-well plates in the case of PS). Variations in the chemical 

composition of the heterogeneities were also introduced by the use of two 

copolymers: a random copolymer derived from PMMA, poly(methyl 
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methacrylate)-r-poly(methacrylic acid) (PMMA-r-PMAA) and a block 

copolymer derived from PS, polystyrene-b-poly(ethylene oxide) (PS-b-

PEO). These four polymers, whose molecular formulas and properties are 

presented in Table 1, were used to generate three kinds of blends leading to 

different heterogeneous substrates: 

- blends of PS and PMMA 

- blends of PS and PMMA-r-PMAA 

- blends of PS-b-PEO and PMMA  

 

Table 1: Polymers used to generate the heterogeneous surfaces by spin-coating 

    
�� : Number average molecular weight 
�� : Weight average molecular weight 
PI: Polydispersity 
 

The morphologies and compositions of the different investigated 

films were characterized by different surface analysis techniques. X-ray 

photoelectron spectroscopy (XPS) was used to determine the surface 

chemical composition. Wettability was evaluated using water contact angle 
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measurements (θw) (in static conditions). Atomic force microscopy (AFM) 

was performed in contact (height scanning) or tapping (height and phase 

scanning) modes. Height scanning allows evaluation of surface roughness 

and film topographies while phase scanning allows evaluation of films 

mechanical properties which could lead to identifying chemical contrast in 

certain case.  

1.5.2.   Protein adsorption 

The focus was put on collagen which is the main structural protein 

found in ECM. As it can assemble into matrices with a variety of 

heterogeneous organizations and ultrastructures, the control and 

understanding of its distribution on synthetic material and its subsequent 

influence on cell behavior appear to be of great interest. However, only a 

few studies dedicated to the analysis of the impact of heterogeneous 

distribution of proteins on cell behavior are devoted to collagen, most of the 

studies on that subject being devoted to fibronectin.  

As mentioned in the previous section, we decided to control collagen 

distribution by using surfaces that are heterogeneous in terms of wettability. 

Heterogeneous protein distributions can be obtained either by trying to 

confine proteins in the domains constituted by one of the polymers (matrix 

or inclusions), or by modulating the supramolecular organization between 

polymer inclusions and the surrounding polymer matrix. Our purpose, here, 

was to identify adsorption conditions leading to one of these cases.   

In both approaches (illustrated in Figure 7), optimization of 

adsorption conditions was only investigated under physiological conditions 

which will be prevalent for cell culture. In the first approach, our strategy for 

the elaboration of heterogeneous collagen layers was first to determine the 

concentration leading to a contrast of supramolecular organization between 

homogeneous surfaces of PS and PMMA. Then, this concentration was used 

to study collagen organization on heterogeneous surfaces. In the second 

approach, our strategy for protein confinement within domains of a given 

polymer involved the use of poly(ethylene oxide) (PEO) for the other 

domains. PEO strongly binds water and is known to prevent protein 

adsorption.69, 70 On the one hand, PEO was introduced in PS/PMMA blends 
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by interchanging PS by a PS-b-PEO block copolymer. On the other hand, a 

triblock copolymer of poly(ethylene oxide)-b-poly(propylene oxide)-b-

(poly(ethylene oxide) (PEO-b-PPO-b-PEO) (known as Pluronic) was added 

to the protein solution to be used as a competitor during adsorption. The 

Pluronic F68 (PEO80-b-PPO30-b-PEO80) from BASF was used. This Pluronic 

has a weight average molecular weight, ��, of 8350 g/mol.  Reduction of 

protein adsorption generated by the use of Pluronic was found to be 

dependent on the substrate wettability, the reduction being much more 

pronounced on substrate with higher hydrophobicity.71 The idea here was 

then to benefit from the hydrophobicity difference existing between PS and 

PMMA.   

 

 

Figure 7: Different approaches used for the design of collagen layers showing an ideal 
heterogeneous distribution. 

 

Protein organization layers were investigated by XPS. This technique 

was used to determine nitrogen molecular fractions of the protein layers, 
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related to the detected amount of proteins. Additionally, AFM in tapping 

height mode was used to investigate the protein organization on the films. 

1.5.3.  Cell culture  

Cell culture experiments were performed with a view to evaluate the 

impact of the obtained collagen heterogeneous surfaces on cell behaviors. 

MC3T3-E1 (subclone 14) was chosen for these experiments. It is a robust 

cell line derived from newborn mouse calvaria osteoblasts and immortalized 

by Sudo et al.72 Cells of this clonal line are considered as an osteogenic cell 

line, having the capacity to differentiate into osteoblasts and deposit minerals 

in vitro.72 Osteoblast-like cell lines have showed their ability to adhere to 

fibronectin, collagen types I, IV, and vitronectin through the binding of 

integrin heterodimers such as α1β1, α2β1, α3β1, α5β1, αvβ3, and αvβ5.73-76  

In this thesis, the focus was put on short time experiments (3 h, 24 h 

and 6 days). General morphologies as well as cell areas developed by the 

cells were examined by immunofluorescence microscopy. Three fluorescent 

dyes were used: (i) TRITC-conjugated phalloidin (in order to stain actin 

cytoskeletons in red), (ii) 4,6 diamidino-2-phenylindole (DAPI) (in order to 

stain nucleus in blue) and (iii) mouse anti-vinculin monoclonal antibody (in 

order to stain vinculin, a focal adhesion protein in green). Besides cell 

morphology, cell activity (thanks to alamar blue test) and cell density 

(thanks to counting of DAPI stained cells) were also investigated. After that, 

long term experiments (1, 2, 3 and 4 weeks) were also broached with a view 

to study cell differentiation on our substrates. However, we were never been 

able to obtain a differentiate state of our cell line on glass control. Long term 

experiments were thus not performed on polymer films. Accordingly, results 

on glass were not presented in this thesis.  
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2. Summary of main results 

2.1.  Elaboration of the heterogeneous surfaces 

The heterogeneous surfaces were generated by spin-coating of a pair 

of immiscible polymers in solution in a common solvent. In most case, 

polymers in a blend are actually thermodynamically immiscible. Polymers 

have very small entropies of mixing due to their high molecular weight. 

Therefore, even a slightly positive enthalpy due to endothermic mixing is 

sufficient to produce incompatibility. Spin-coating of polymer solutions is 

used to produce thin homogeneous and smooth films of reproducible 

thickness. This deposition technique consists in placing drops of polymer 

solution on the center of an inert substrate, which is then rotated at a fixed 

speed of several thousand rpm. The solution flows radially outwards, thus 

reducing the fluid layer thickness and the evaporation of the solvent results 

in a film of uniform thickness.77 

In thin films produced by spin-coating, the phase morphology of 

immiscible blends can consist in distinct phase structure, with one phase 

dispersed in a matrix of the other, or in a bi-continuous system, with no well-

defined dispersed phase. The obtained morphology is governed by the 

complex interplay between phase separation processes and the interactions 

of the polymer phases with air (the system will tend to lower its surface 

energy by enriching its surface with the component of lower surface energy) 

and substrate (the substrate surface will tend to be cover by the blend 

component of higher affinity). The relative solubility of each polymer for the 

solvent used is crucial as well. During the rapid evaporation of the solvent, 

the less soluble phase will be more quickly depleted of the solvent and will 

turn solid earlier than the other phase. Subsequent evaporation of remaining 

solvent will lead to a further collapse of the more soluble phase, which will 

be thus finally less elevated than the other one.78 

Three blends were investigated (PS/PMMA, PS-b-PEO/PMMA, 

PS/PMMA-r-PMAA) and they were dissolved in two different solvents 

(dioxane and toluene), prior to spin-coating. Before tackling the 
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investigations of these blends, the following sections will first begin with 

two technical problems linked to the elaboration of films by spin-coating.  

2.1.1. Spin-coating and polymer films adhesion to inert substrate 

In order to prevent any interference of the substrate with the polymer 

film during the spin-coating process, inert substrates are often desired. 

Therefore, inorganic substrates such as glass, metals and mineral substrates 

are generally chosen.  

However, the adhesion of organic layers on inorganic substrates may 

not be very strong and not very stable under liquid conditions. For example, 

we observed that 50% of the PS films spin-coated on native glass were 

detached from the substrate after 24h of immersion in a phosphate buffer 

saline (PBS). After 3 days of immersion, most of the films were detached. 

Glass is hydrophilic and can attract water at the film/substrate interface 

which can generate film detachment. This would make cell culture 

experiments very difficult and limited in time.  

Two methods were investigated to solve this problem. Firstly, we 

tried to improve the adhesion of films on glass by the use of silane coupling 

agents which can be grafted on glass. They are silicon-based compounds that 

contain both inorganic and organic reactive function in the same molecule, 

e.g. (RO)3SiCH2CH2CH2-X (where X is an organofunctional group). 

Coupling agents act at the interface between inorganic and organic substrates 

to bind the two dissimilar materials together. The bonding of a coupling 

agent to an organic polymer is complex. The simplest way to choose an 

effective silane for a polymer is to match the properties of the organic 

function with the properties of the organic polymer (an epoxysilane will 

bond to an epoxy resin and a methacryle silane will bond to an unsaturated 

polyester resin).79 In order to help to choose the better coupling agent for one 

application, manufacturers provide lists of coupling agents compiled on the 

basis on previous works. In our study, we had to find a coupling agent 

matching for PS as well as PMMA since blends of these two polymers were 

prepared. For this application, the use of methacryloxypropyltrimethoxy 

silane (see Figure 9Figure 8A) as coupling agent was suggested (SIM6487.4, 

ABCR). Secondly, in order to solve the problem of organic films adhesion 
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on inorganic substrates, the use of organic substrates was also investigated. 

Instead of using modified glass as substrate, we decided to use PMMA 

plates. These were created by compression molding of PMMA powder. As 

the substrates have to be inert, a PMMA of high molecular mass (�� 996, 

000) was chosen to limit PMMA dissolution of these plates during the spin-

coating time frame. These two methods are illustrated in Figure 8. 

 

Figure 8 : Types of spin-coating substrates investigated in this thesis. (A) inorganic substrate 
(glass silanized with a methacryloxypropyltrimethoxy silane (MOPTMS)) and (B) organic 

substrate (PMMA plate) 

 

In order to check the stability of these two substrates, the spin-coating 

of two PS/PMMA blends (prepared from 30/70 and 90/10 polymer ratios 

(w/w) and dissolved in dioxane) were investigated. It appeared that adhesion 

of polymer films on MOPTMS-treated glass and PMMA plates was 

improved drastically as most films did not detach after 4 weeks of 

immersion in PBS. Films spin-coated on PMMA plates still appeared to 

detach less than on MOPTMS-treated glass. 

Additionally, the nature of the substrate was shown to influence the 

morphology of spin-coated polymer blends. Figure 9 presents AFM images 

of polymer films spin-coated on native glass, MOPTMS-treated glass and on 

PMMA plates.  The use of 30/70 polymer solutions leads to morphologies 
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showing islands of PS surrounded by a PMMA matrix while 90/10 polymer 

solutions generate morphologies with inclusions (mostly holes) of PMMA 

surrounded by a PS matrix. MOPTMS-treated glass substrates lead to less 

elevated inclusions with a more irregular shape than the others and PMMA 

plates generate more defaults in the polymer films.  

 

      

Figure 9 : AFM height images (2.5 x 5 µm², z =10 nm; surrounded by solid line) and phase 
images (1.25 x 2.5 µm², z = 10°; surrounded by hatched line) obtained after spin-coating of 10 

g/L PS/PMMA solutions (30/70 and 90/10) in dioxane on three different substrates (native 
glass, MOPTMS-treated glass and PMMA plates)  

 

The type of substrate also influences the film composition. Table 2 

presents the water contact angles and carbon and oxygen molar surface 

fractions measured by XPS on homogeneous PS and PMMA films spin-

coated on the same three substrates (native glass, MOPTMS-treated glass 

and PMMA plates). Similar results were obtained for the three PMMA films 

while in the case of PS, films spin-coated on PMMA plates show a higher 

oxygen molar fraction and a lower water contact angle. This is probably due 

to the partial dissolution of the substrate upon spin-coating despite the use of 

high molecular mass PMMA.  
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Table 2: Carbon (CXPS)  and oxygen (OXPS) molar fractions obtained from XPS analyses and 
water contact angles (Θw)of PS and PMMA films spin-coated on three different substrates 

(native glass, MOPTMS-treated glass and PMMA plates) 

 PS PMMA 

 glass MOPTMS PMMA glass MOPTMS PMMA 

CXPS (%) 99.8 99.9 97.3 74.8 75.3 74.5 

OXPS (%) 0.2 0.1 2.7 25.2 24.7 25.5 

Θw
a (°) 92.0 ± 0.4 90.2 ± 0.6 85.0 ± 2.9 73.0 ± 0.5 71.8 ± 0.5 72.3 ± 0.8 

 
a Contact angle is given with confident interval at 95% (between 8 and 11 measurements)  

 

In summary, PMMA plates are partially dissolved upon spin-coating 

and led to polymer films with small defects while MOPTMS-treated glass 

does not interfere with spin-coating and leads to smoother films. 

Accordingly, even if adhesion of the film to the substrate is a little bit better 

on PMMA plates compared to MOPTMS-treated glass, MOPTMS-treated 

glass was considered as the best substrate to use in liquid conditions. The 

elaboration of blend polymer films presented in the following sections will 

not be always performed with MOPTMS-treated glass as this choice was 

made over the course of the thesis.   

2.1.2.  Spin-coating and reproducibility 

At certain periods of the year, especially during summer, the 

reproducibility of the spin-coated films morphologies appeared to be limited. 

This lack of reproducibility appeared to be more important with polymer 

solutions and with polymer solutions in dioxane containing PS-b-PEO. As an 

example, Figure 10A presents AFM images showing the poor reproducibility 

observed for PS-b-PEO/PMMA (60/40 (w/w) ratio in dioxane) films. The 

ambient humidity during spin-coating seemed to be involved since the 

problem could be solved by flushing the spin-coating chamber with nitrogen 

for at least 10 min before spin-coating. However, when ambient humidity 

raised 60%, this nitrogen flushing step was not sufficient. Above 70%, 

macroscopic artifacts appeared (see Figure 10B and C). The O-ring which 

maintains the sample in contact with the spin-coater support seemed to print 
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his shape on the film. Beyond 90 % of humidity, this latter artifact even 

appeared on solutions on PS films prepared from a solution in toluene.  

Accordingly, whatever the solvent or polymer used, we decided to 

always perform spin-coating with a nitrogen flushing step and only if 

ambient humidity was below 50 %. However, since this problem was solved 

over the course of the thesis, these precautions were only followed for the 

elaboration of PS/PMMA films. The two other systems were prepared by 

trying to avoid macroscopic artifacts (films with macroscopic artifacts being 

always discarded).      

  

 

Figure 10: (A) AFM height images (2.5 x 5 µm²) of different zones imaged from one PS-b-
PEO/PMMA film prepared with a polymer ratio of 60/40 dissolved in dioxane. (B) Glass 

coverslips (substrate) with spin-coated polymer films, without artifact (left) and with 
macroscopic artifact (right). (C) polymer film spin-coated on glass substrate showing artifact 

with a shape similar to the O-ring of the spin coater support.    

Besides this problem of reproducibility upon polymer films 

production, when spin-coated, film morphologies appear to be very stable in 

time. PS/PMMA and PS/PMMA-r-PMAA films morphologies remain stable 

at least for one year.  



Overview 

48 
 

2.1.3. Film morphologies and compositions  

PS/PMMA blends        (details are presented in chapter 2, p119) 

Blends of PS and PMMA dissolved in a common solvent (either 

dioxane or toluene) were prepared with different PS/PMMA polymer ratios: 

30/70 (w/w) and 90/10 (w/w) in dioxane, and 30/70 (w/w) and 5/95 (w/w) in 

toluene (hereafter noted as 30/70d, 90/10d, 30/70t and 5/95t). The total 

polymer concentration was always 10 g/L. Spin-coating of these blends as 

well as of pure PMMA and PS solutions was performed onto MOPTMS-

treated glass. AFM images of these blends recorded in tapping mode and 

giving information on topography (height image) and chemical contrast 

(phase image) are presented in Figure 11. A phase contrast was recorded for 

each blend indicating that each film displays inclusions of one polymer 

surrounded by a matrix of the other one. Except for the 90/10d film, which 

seems to present no topography, these phase contrasts are correlated with a 

topographic contrast (shown on the height images) revealing holes or islands 

morphologies which are less than 10 nm in depth or height. Combining this 

information with the PS fractions detected in surface (see chapter 2 for 

computing details), we were able to assign each phase to PS or PMMA. 

Thereby, these films can be classified into two categories: films presenting 

PS inclusions (being either holes or islands) in a PMMA matrix (5/95t and 

30/70d) and films presenting PMMA inclusions (being islands or not 

correlated with a specific topography) surrounded by a PS matrix (30/70t 

and 90/10d). The contact angle of the surfaces presenting a PMMA matrix is 

closer to the one obtained on pure PMMA matrix is closer to the one 

obtained on pure PMMA, while a θw close to the one of PS is recorded 

where that polymer forms the matrix. 
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Figure 11: Characteristics of films prepared from PS/PMMA solutions. AFM height images 
(scale bar = 1 µm; z scale = 10 nm) and phase images (scale bar = 1 µm; z=10°; surrounded 
by hatched line); water contact angle values (θw); PS fraction in surface computed from XPS 
analyses (PSXPS) (see chapter 2 for computing details); darker phase surface fraction extracted 
from AFM phase images; root mean square roughness (Rrms) and height or depth inclusions 

extracted from AFM height images.    

 

PS/PMMA-r-PMAA blends     (details are presented in chapter 1, p99) 

Surfaces were also prepared with blends of PS and PMMA-r-PMAA 

dissolved in dioxane solely, with a total polymer concentration of 10 g/L. 

The PS/PMMA-r-PMAA polymer ratios investigated in this case were: 

20/80 (w/w), 30/70 (w/w), 80/20 (w/w) and 90/10 (w/w) (hereafter noted as 

20/80rd, 30/70rd, 80/20rd and 90/10rd). These blends as well as pure 
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polymer solutions were spin-coated onto PMMA plates. AFM images of 

these blends, recorded in contact mode, are presented in Figure 12. Pure PS 

and pure PMMA-r-PMAA films appear to be rather flat with a higher 

roughness than those observed on pure PS and PMMA spin-coated on 

silanized glass (Figure 11). This is mainly due to the use of PMMA plates as 

substrates which was seen to generate films with more defaults (see 2.1.1). 

In the case of pure PMMA-r-PMAA, however, this is also due to the 

copolymer itself, which had a roughness of 0.87 nm on films spin-coated on 

native glass (image not shown). Regarding the blend films, inclusions, either 

under the form of pits or islands, were observed on all films with a more 

regular shape and with a higher depth or height (20-40 nm) than those 

observed on PS/PMMA films (less than 10 nm). Regarding the chemical 

composition of these films, PS fractions detected in surface were seen to be 

correlated with the PS fraction in blend solutions: the more the solution 

contains PS, the higher the PS fraction in surface is. Moreover, surface 

fractions covered by elevated phases (islands in the case of 20/80rd and 

30/70rd, and matrix in the case of 80/20rd and 90/10rd) have been estimated 

and follow the same trend. Thereby, we were able to assign the elevated 

phase to PS. This was further confirmed by selective dissolution of PS (see 

chapter 2). Classification of our films in two categories can also be done: 

films presenting PS islands in a PMMA-r-PMAA matrix (20/80rd and 

30/70rd), and films presenting PMMA-r-PMAA pits in a PS matrix (80/20rd 

and 90/10rd).      
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Figure 12: Characteristics of films prepared from PS/PMMA-r-PMAA solutions in dioxane. 
AFM height images (scale bar = 1 µm; z scale = 40 nm) ; water contact angle values (θw); PS 
fraction in surface computed from XPS analyses (PSXPS); surface fraction of elevated domains 
extracted from AFM height images; root mean square roughness (Rrms) and height or depth of 

inclusions extracted from AFM height images.    

 

PS-b-PEO/PMMA blends 

Finally, with the help of Marie Delcroix during her master thesis, we 

also prepared blends of PS-b-PEO and PMMA dissolved in either dioxane or 

toluene, still with a total polymer concentration of 10 g/L. The PS-b-
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PEO/PMMA polymer ratios investigated in this case were: 80/20 (w/w), 

60/40 (w/w) and 40/60 (w/w) in dioxane, and 70/30 (w/w), 60/40 (w/w) and 

40/60 (w/w) in toluene (hereafter noted as 80b/20d, 60b/40d, 40b/60d, 

70b/30t, 60b/40t and 40b/60t). Spin-coating of these blends as well as of 

pure PMMA and PS-b-PEO solutions were performed onto native glass. 

AFM images of these blends recorded in tapping mode (height and phase 

images are presented in Figure 13). Pure PS-b-PEO films (prepared from 

dioxane and toluene solutions) show typical microdomains showing a 

network, attributed to lying down cylinders80, 81. These observed 

cocontinuous morphologies suggest a heterogeneous repartition of the two 

blocks at the outermost surface. This was confirmed by XPS measurements 

which showed that both blocks of the copolymer were present in the surface 

layer.82 Regarding heterogeneous films, it appeared that blends in dioxane 

present a phase separation unlike those obtained from blends in toluene. 

With both solvents, PS-b-PEO and PMMA would be present in surface (as 

deduced from XPS data, not shown). 

Regarding films prepared from solutions in dioxane, a topographic 

contrast was correlated with the phase contrast. The 80b/20d and 60b/40d 

films present elevated inclusions surrounded by a matrix showing a network, 

while the 40b/60d film presents inclusions made of a similar network 

surrounded by an elevated matrix. This would suggest that the elevated 

domains would be PMMA while the domains showing the network would be 

PS-b-PEO. However, if we compare the fraction of the lighter domains 

(extracted from phase AFM images), presumed to be PMMA domains, with 

the PS-b-PEO fractions in surface (computed from XPS measurements), it 

seems that PS-b-PEO fraction in surface is three times higher when 

computed from AFM than when computed with XPS. Furthermore, water 

contact angle measurements do not vary much from one blend to another, 

and remain always close to that of pure PMMA, indicating that all surfaces 

would be covered by PMMA.  
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Figure 13: Characteristics of films prepared from PS-b-PEO/PMMA solutions. AFM height 
images (scale bar = 500 nm ; z scale = 10 nm) and AFM phase images (scale bar = 500nm ; z 

scale =~5°; surrounded by hatched line); water contact angle values (θw); PS fraction in 
surface computed from XPS analyses (PSXPS); lighter phase surface fraction extracted from 

phase AFM images; root mean square roughness (Rrms) and height or depth inclusions 
extracted from height AFM images.    
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These inconsistent results can be combined together by taking into 

account the layer probed by each technique: contact angle measurements 

probe the extreme surface (last molecular layer, thickness < 1 nm if water 

cannot penetrate into the subsurface), AFM probes the surface and 

subsurface (the distance probed depend on the tapping parameters and can be 

up to 80 nm with elastomer83), while XPS probes a thickness of about 10 nm. 

Therefore, the morphologies observed on AFM images, attributed to PS-b-

PEO, would actually be covered by a PMMA thin layer, as illustrated in 

Figure 14.  

 

 

Figure 14: Schematic representation of a cross-section through a PS-b-PEO/PMMA thin film 
prepared from a dioxane solution, along with typical distance probed by each surface analysis 

technique. 

 

Regarding films prepared from toluene solutions, no specific contrast 

indicating a possible phase separation was observed (neither on height nor 

on phase (not shown) images). Contact angle values were intermediate 

between those of the pure components of the blends, and closer to that of 

pure PS-b-PEO meaning that the surface would be covered mainly by that 

component. PS-b-PEO fractions in surface (computed by XPS) show the 

same trend, suggesting that both components would be present in surface. 

Now, it is difficult to say if, at the extreme surface, PS-b-PEO covers 

partially PMMA or if both components are partially blended (as PMMA 

could be miscible with PEO (negative Flory-huggins parameter, χ12, were 
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found for PEO/PMMA blends),84, 85 which was normally limited by the 

choice of a high molecular mass). 

However, one must be aware that XPS works under ultrahigh vacuum 

condition and AFM analyses are performed in air condition, while protein 

adsorption or cell culture will be executed under water. Since amphiphilic 

copolymers materials have the capacity to undergo macromolecular 

reorientation or changes of conformation in response to environmental 

modifications, results obtained with these techniques must be carefully 

related to hydrated structures. For example, it was shown that for a diblock 

copolymer of polystyrene-poly(acrylic acid) (PS-PAA) with a large PAA 

block, PS was preferentially exposed to the air or vacuum environment while 

PAA was preferentially exposed to a pH 11 aqueous solution.86 In the case of  

PS-b-PEO copolymers, the control of the humidity condition during spin 

coating was shown to influence the obtained morphologies (well-defined 

cylindrical microdomains oriented normal to the surface were induced under 

high humidity condition).87 The water-induced surface reorganization of PS-

PEO, was also studied by cryogenic X-ray photoelectron spectroscopy (cryo-

XPS), and a more pronounced exposure of the PEO block at the outermost 

surface in hydrated compared to dry environment was revealed.82  

2.1.4. Comparison of the three investigated blends 

Composition in solution vs at interface  

For most of studied blends, the fraction of PS or PS-b-PEO formed in 

surface was seen to be correlated positively with the fraction of that 

component in solution. However, the fraction in surface does not necessary 

corresponds to the fraction in solution and is sometimes lower or higher. 

Figure 15 presents the comparison of observed fractions in surface with 

corresponding fractions in solution. Note that the densities of PS and PS-b-

PEO are close to 1 (1.05 for PS).88 

 Except for PS/PMMA blends in dioxane, all the blends deviate from 

the line of equal composition in surface and solution (dashed line). Blends in 

toluene (squares) tend to deviate above this line (meaning a surface 

enrichment of PS or PS-b-PEO) while those in dioxane (diamonds) tend to 
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deviate below it (meaning a surface enrichment of PMMA or PMMA-r-

PMAA). If surface composition was driven by surface energy, which is 

lower for PS than for PMMA, a surface enrichment in PS (or PS-b-PEO) 

would be expected.  

The spin-coating process does however not generate an equilibrium 

state, and the surface may be enriched by the component of highest solubility 

in the solvent. Toluene is, in fact, a better solvent for PS while dioxane is a 

better solvent for PMMA. PS/PMMA blends in dioxane do not deviate from 

the equal composition line, probably because of the high molecular mass of 

PMMA which reduces its solubility in dioxane. Furthermore, this decrease in 

solubility implies a higher difference of solubility between PS and PMMA in 

toluene and a lower one in dioxane, explaining why the elevated phase in 

PS/PMMA blends in toluene are higher than those prepared in dioxane (see 

chapter 2, supporting information for more details). Unlike PS/PMMA 

blends in dioxane, PS/PMMA-r-PMAA blends prepared in the same solvent 

deviate clearly from the equal composition line. This is probably because 

PMMA-r-PMAA has a higher solubility in dioxane than PMMA, which is 

also confirmed by the higher elevated phase of those blends (about 40 nm for 

PS/PMMA-r-PMAA films compared to 2 nm for PS/PMMA films).  

In the case of PS-b-PEO/PMMA blends, films prepared from a 

solution in toluene deviate less than PS/PMMA blends prepared in the same 

solvent, probably because PEO blocks decrease the solubility of PS-b-PEO 

in toluene. The evolution of blends elaborated using dioxane are difficult to 

interpret since PS-b-PEO fractions in surface computed from XPS data do 

not seem to reflect the situation of the extreme surface, which was found to 

be covered by a thin PMMA layer (as deduced from contact angle 

measurements). Note that surface enrichment with PMMA is particularly 

strong for PS-b-PEO/PMMA films prepared from dioxane solutions, for 

which a solution containing only 20 % of PMMA leads to a PMMA content 

of about 75 % in the surface layer probed by XPS. 
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 Figure 15: Evolution of the PS or PS-b-PEO fraction in surface (computed from XPS data) 
in function of the PS or PS-b-PEO fraction in solution for all types of blend studied (squares: 
toluene, circles: dioxane, blue: PS/PMMA blends, green: PS-b-PEO/PMMA blends and red: 

PS/PMMA-r-PMAA).  

 

Influence of the film composition on wetting measurements 

Additionally, the influence of film composition on surface wettability 

was investigated. The water contact angles of all the heterogeneous 

substrates were observed to be intermediate between the angles measured on 

the pure components of the blend. For heterogeneous surfaces, the Cassie’s 

law predicts that the cosine of the water contact angle is the average of the 

cosine of the contact angles of the pure phases weighted by their respective 

surface fraction.89  For the three types of investigated blends (PS/PMMA, 

PS/PMMA-r-PMAA and PS-b-PEO/PMMA), the evolution of the cosine of 

the water contact angle with the PS or PS-b-PEO fraction in surface is 

presented in Figure 16 (A, B and C, respectively).   
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Figure 16: Evolution of the water contact angle (θw) of thin films in function of the PS or PS-
b-PEO fraction in surface evaluated by XPS. (A) PS/PMMA films, (B) PS/PMMA-r-PMAA 

films and (C) PS-b-PEO/PMMA films. The dashed lines show the trend predicted by Cassie’s 
law.  

These evolutions appear to be quite close to the Cassie’s law for 

PS/PMMA (Figure 16A) and PS-b-PEO/PMMA (Figure 16C) blends, while 

it is clearly not linear for PS/PMMA-r-PMAA (Figure 16B). Contact angle 

values for that blend appear to be higher, i.e. the surface is more 

hydrophobic, than expected. Such a deviation can be observed for systems 

presenting large heterogeneities (> 100 nm). In that case, the evolution of the 

static contact angle would be mainly governed by the more hydrophobic 
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phase.90 However, PS/PMMA and PS/PMMA-r-PMAA blends both present 

heterogeneities larger than 100 nm, while such deviation is only observed for 

PS/PMMA-r-PMAA. The surface roughness can also interfere with contact 

angle values according to Wenzel’s law or Cassie-Baxter’s law, but none of 

them can explain the increased hydrophobicity observed here.89, 91 However, 

an explanation could still be given by combining the Cassie’s law and 

Wenzel’s law. PS/PMMA-r-PMAA films present, in fact, larger inclusions 

than PS/PMMA films, but more importantly, they display higher elevated 

phases (about 40 nm vs less than 10 nm). Higher elevated phases (being PS 

in PS/PMMA-r-PMAA films) would imply a higher real surface of the 

elevated phases than the surface calculated from its projection. However, PS 

fractions determined by XPS correspond to the surface projection of the 

elevated phase and would then induce an underestimation of the real PS 

fraction of the film. 

 Accordingly, the water contact angle can give indications but precise 

information on the surface nature are difficult to extract, as most of 

theoretical laws apply to regular and default-free surfaces, which is rarely 

the case. 

In summary, three polymer blends were investigated, PS/PMMA, 

PS/PMMA-r-PMAA, PS-b-PEO/PMMA, with a view to create 

heterogeneous surfaces in terms of chemical composition. Such a chemical 

contrast at the extreme surface was only successfully obtained with 

PS/PMMA and PS/PMMA-r-PMAA blends. In the case of PS-b-

PEO/PMMA, none of the techniques used to characterize these films, in the 

chosen conditions, allow us to identify a sufficient chemical contrast. 

However, these blend films remain interesting for deeper investigations, 

since promising results were still obtained for films prepared from dioxane 

solution.  

2.2. Protein adsorption 

Heterogeneous surfaces in terms of wettability were thus successfully 

elaborated. The focus is now put on protein adsorption (mainly collagen and 

briefly fibronectin, another adhesion protein), with a view to obtain a 
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heterogeneous distribution of proteins. Therefore, collagen and fibronectin 

adsorption onto pure polymers used for the heterogeneous films preparation 

was first investigated in order to isolate conditions leading to different 

behaviors depending on the polymer. Collagen and fibronectin adsorption 

was then performed on heterogeneous surfaces in the conditions identified 

on the pure polymers.    

2.2.1. Protein adsorption on pure polymer films 

Collagen adsorption was investigated on the pure polymers to identify 

adsorption conditions leading either to different protein supramolecular 

organizations depending on the polymer or to a preferential adsorption 

(whatever the organization) on one polymer rather than the other. This 

section will end with a brief comparison of collagen layers organization on 

the pure polymer films with the organization of layers of another adhesion 

protein, fibronectin.    

Study of conditions leading to a contrast of collagen organization  

Since PS (θw: 90°), PMMA (θw: 72°) and PMMA-r-PMAA (θw: 66°) 

show different wettabilities, different adsorbed collagen layer organizations 

could be expected. Parameters for the adsorption procedure were partially 

fixed on the basis on previous experiments performed on a 

hydrophobic/hydrophilic model which was deeply investigated: PS (θw: 

~90°)92 and oxidized PS (θw: ~20°)92. The use of type I collagen in solution 

at physiological pH and ionic strength and at a temperature of 37°C was 

chosen, since self-assembly was seen to happen in vitro in these conditions. 

An adsorption time of 2 h was selected, as it was showed that after that time, 

collagen adsorption reaches a plateau on both hydrophilic and hydrophobic 

substrates.49 Even if it was shown that collagen organization can still evolved 

between 2 h and 24 h of adsorption, a short time was preferred to limit 

adsorption of aggregates from the solution.  

Regarding collagen concentration, since PS and PMMA do not differ 

(in terms of wettability) as much as PS and oxidized PS, instead of directly 

selecting the concentration on the basis of these previous experiments, the 

effect of collagen concentration on its adsorption on PS and PMMA was 
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investigated. Three different concentrations (8, 25, 100 µg/mL) were then 

tested with a view to find the concentration leading to the best contrast of 

organization. Figure 17 presents nitrogen levels detected by XPS on PS and 

PMMA after collagen adsorption at these 3 concentrations. The value 

obtained for PMMA-r-PMAA at a collagen concentration of 25 µg/mL is 

reported as well. The nitrogen level increased with increasing collagen 

concentration, and for all concentrations a clearly higher nitrogen level was 

observed for PS compared to PMMA. This could be attributed to the more 

hydrophobic character of PS. However, collagen adsorption performed on 

PMMA-r-PMAA led to similar nitrogen level compared to PS, while this 

polymer has a lower water contact angle than PMMA. This suggests that 

another parameter than wettability would mainly contribute to adsorption in 

this case.  

 

 

Figure 17: Nitrogen surface concentrations determined by XPS after 2 h of collagen 
adsorption, on PMMA, PMMA-r-PMAA and PS films spin-coated on PMMA plates from 

dioxane solutions. Adsorption was performed from collagen solutions at different 
concentrations as indicated. Water contact angle values (θw) obtained on bare substrates are 

reported under the graph. 

 

Figure 18 presents the supramolecular organization of the obtained 

collagen layers as investigated on AFM height images acquired in tapping 

mode. The polymer nature as well as the collagen concentration used were 

seen to generate distinct collagen organizations. On PS and PMMA, smooth 
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layers were observed at a concentration of 8 µg/mL. When the concentration 

increased up to 25 µg/mL, small fibrils appeared on PMMA while bigger 

ones were generated on PS. Finally, when the concentration reached 100 

µg/mL, bigger fibrils appeared on PMMA, but in fewer amounts than on PS. 

Collagen layers on PMMA-r-PMAA appeared to be very different. Whatever 

the concentration studied, no fibrils were observed. An increase of the 

roughness with concentration was still detected, which could be attributed to 

an increase of adsorbed collagen amount. This behavior could not be 

attributed to electrostatic interactions due to the carboxyl-carboxylate 

functions conferred by the PMAA segments, as driving forces for collagen 

adsorption was shown to be poorly influenced by electrostatic interactions 

(as mentioned before in section 1.3.2). The higher roughness of bare 

PMMA-r-PMAA films compared to the other polymer films (see 2.1.3.) is 

probably the reason for the development of the observed organization as it 

was demonstrated that substrate roughness prevents fibril formation by 

decreasing protein motility at the interface.57  

 

Figure 18: AFM height AFM images (2 x 1 µm², z scale indicated on each image) obtained 
after collagen adsorption on PMMA, PS and PMMA-r-PMAA films spin-coated on PMMA 

plates from dioxane solutions. For each polymer, three collagen concentrations are 
investigated: 8, 25 and 100 µg/mL. The root mean square roughness (Rrms) calculated from 

AFM images are given for collagen layers obtained on PMMA-r-PMAA films. 
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Combining XPS and AFM results, it appears that the best contrast in 

terms of collagen organization is formed between PS and PMMA for a 

collagen concentration of 25 µg/mL or between PS and PMMA-r-PMAA 

whatever the concentration used.  

The PS and PMMA films used for collagen adsorption for these 

experiments were prepared onto PMMA plates, which explained the defects 

observed on the films.  Figure 19 shows collagen layers obtained after 

adsorption for 2 h at a concentration of 25 µg/mL on PS and PMMA films 

spin-coated on MOPTMS-treated glass. The contrast in terms of collagen 

organization is similar to the one observed when PMMA plates were used as 

substrate for spin-coating, with however less defects on polymer films. The 

collagen layer appears to be quite smooth on PMMA, with collagen 

assemblies of a few molecules, while on PS, the collagen assemblies are 

composed of several arms of about 300 nm in length, associated together in 

an anchoring knot. 

 

Figure 19: AFM height images (2 x 1 µm², z =10 nm) obtained after adsorption of a 25 
µg/mL collagen solution on PMMA and PS films. The polymer films were spin-coated from 

toluene solutions on MOPTMS-treated glass.  

 

Study of conditions leading to a preferential adsorption on one 

polymer 

We tried to induce a preferential adsorption of collagen on PS or 

PMMA, either by interchanging PS by PS-b-PEO in the polymer blend, or 

by adding Pluronic (PEO-b-PPO-b-PEO) in the collagen solution. 

First, collagen adsorption was investigated on PS-b-PEO films 

prepared from dioxane or toluene solutions. Protein repulsion was expected, 

owing to the presence of PEO blocks at the interface. Nitrogen levels 
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extracted from XPS analyses as well as AFM images are presented on Figure 

20. Nitrogen levels appeared to be higher on films prepared from dioxane 

compared to those prepared from toluene, suggesting better antifouling 

properties for films prepared from a solution in toluene. Additionally, AFM 

images showed collagen organized into fibrils on films produced from 

dioxane while a smooth collagen layer seemed to completely cover the films 

produced from toluene. Even if surface analyses (XPS, θw and AFM) on bare 

films did not allow to discriminate these films prepared from different 

solvents, it appears here that their extreme surfaces would be different, 

leading to different collagen organizations after adsorption. We cannot 

completely rule out a problem related to reproducibility of sample 

preparation, as those films were not prepared at the same moment. In 

summary, contrarily to films produced from dioxane, the use of PS-b-PEO 

films produced from toluene appears to drastically reduce collagen 

adsorption without preventing it completely.    

 

Figure 20 : AFM height images (2 x 1 µm², z =10 nm) obtained after adsorption of a 25 
µg/mL collagen solution on  PS-b-PEO films. The films were obtained by spin-coating from 
10g/L dioxane or toluene solutions on MOPTMS-treated glass. The nitrogen molar fraction 

detected by XPS is reported under the images. 

Second, Pluronic was added to the collagen solution before 

adsorption, in order to induce a competitive adsorption between these two 

components on PS and PMMA films. Pluronic adsorption was found to be 

dependent on the substrate wettability, the reduction in protein adsorption 

being more pronounced on substrates with a higher hydrophobicity. Our aim 

was to find conditions leading to complete protein repulsion on PS but still 

allowing adsorption on PMMA. 
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A large range of Pluronic concentrations (1, 10 and 100 µg/mL) was 

investigated for three collagen concentrations (8, 25 and 100 µg/mL). 

Resulting layers were analyzed by XPS. Figure 21 presents nitrogen levels 

obtained for each combination tested. None of them presents a clear 

difference of collagen adsorbed amount between PS and PMMA. The more 

pronounced differences are actually observed in absence of Pluronic. 

Differences were still observed for collagen concentrations of 100 µg/mL, 

leading to more collagen on PMMA for Pluronic concentration of 1 µg/mL 

and more collagen on PS for Pluronic concentrations of 10 and 100 µg/mL. 

Preferential adsorption on PMMA was thus not always observed. However, 

these observed differences are probably not significant, and these 

experiments were only performed one time. The wettability difference 

existing between PS and PMMA is probably not high enough to induce an 

interesting contrast of adsorption between these two polymers in presence of 

Pluronic. 

 

 

Figure 21 : Nitrogen surface concentrations determined by XPS after competitive adsorption 
of Pluronic and collagen on PS and PMMA. The polymer films were spin-coated on PMMA 
plates from dioxane solutions. Several concentrations were tested as indicated (Pluronic: 0, 1, 

10 and 100 µg/mL; collagen (coll): 8, 25 and 100 µg/mL). 

 

 

 

PS PMMA 
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Protein organization on polymer films: collagen vs fibronectin 

The behavior of another adhesion protein, fibronectin, on the pure 

polymer films as well as on glass, was also briefly investigated and 

compared with the one of collagen. Fibronectin is a dimeric protein 

composed of two nearly identical ~250 kDA subunits, covalently linked by a 

pair of disulfide bridges near their C-termini.93 Additionally, unlike collagen, 

fibronectin cannot self-assemble in vitro as its polymerization was shown to 

be a cell-dependent process.37  

Figure 22 reports nitrogen levels extracted from XPS data after 

collagen and fibronectin adsorption (25 µg/mL solutions for 2 h) on pure 

polymer films and on glass. PS-b-PEO (prepared from a toluene solution) 

similarly reduces collagen and fibronectin adsorption. For the four other 

surfaces, in the case of collagen, the nitrogen level appeared to increase with 

the hydrophobicity (except for PMMA-r-PMAA films as discussed above), 

while, in the case of fibronectin, nitrogen levels were similar for all the 

surfaces. These results contradict the trend observed previously in the 

literature, showing that the amount of adsorbed fibronectin was higher on 

hydrophobic compared to hydrophilic surfaces.6, 7, 94  

 

 

Figure 22 : Nitrogen surface concentrations determined by XPS after 2 h of collagen or 
fibronectin adsorption, on glass, PMMA, PMMA-r-PMAA, PS and PS-b-PEO films spin-

coated from dioxane solutions on native or MOPTMS-treated glass. 
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As XPS is a surface analysis technique probing a depth of about 10 nm, the 

nitrogen level extracted XPS data is strongly dependent on the protein 

organization and may not always be directly linked to the exact amount of 

the protein present on a surface. If the protein layer is thicker than 10 nm or 

presents aggregates larger than 10 nm, the amount of protein can be 

underestimated.  

The protein organization was also investigated by AFM in tapping 

mode on the same substrates after collagen and fibronectin adsorption (see 

Figure 23).  

 

 

Figure 23: AFM height images (5 x 2.5 µm², z scale indicated on each image) obtained after 
2 h of collagen or fibronectin adsorption on glass, PMMA, PMMA-r-PMAA and PS films 
spin-coated on native or MOPTMS-treated glass. The root mean square roughness (Rrms) 
calculated from AFM images are given for collagen and fibronectin layers obtained on 

PMMA-r-PMAA films. 
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While collagen and fibronectin developed similar rough layers on PMMA-r-

PMAA films, both proteins developed extremely different organization on 

the other substrates. As already discussed here above, collagen organized 

into fibrils with a number and size increasing in function of the wettability. 

A few thin fibrils were observed on glass, the density of fibril increased 

significantly on PMMA and a lot of big fibrils were developed on PS. 

Regarding fibronectin layers organization, the layer appeared to be quite 

smooth on glass, with some aggregates on PMMA and with more aggregates 

on PS. The presence of aggregates could partially explain why nitrogen 

levels acquired by XPS were similar for all substrates while real amounts are 

probably not. The AFM images indeed suggest a higher amount on PS.  

To conclude this section focused on protein adsorption on 

homogeneous polymer films, we can say that conditions leading to a contrast 

of collagen distribution between PS and PMMA (or PMMA-r-PMAA) could 

be identified. A contrast of collagen organization was indeed obtained for 2 

h of adsorption with a collagen solution of 25 µg/mL on these films. A 

contrast was also highlighted between PS and PMMA-r-PMAA films after 

fibronectin adsorption. However, fibronectin layers obtained on PS and 

PMMA did not show as much contrast as collagen layers on these polymers. 

Additionally, conditions leading to a preferential adsorption of collagen on 

PMMA could be identified by the use of PS-b-PEO films prepared from 

toluene solutions which reduce drastically collagen adsorption. However, 

such a contrast could not be found by the use of Pluronic which did not 

generate enough contrast. 

2.2.2. Protein adsorption on heterogeneous films 

Taking into account the investigations performed on homogeneous 

films, it was decided to study collagen adsorption on heterogeneous 

PS/PMMA films. Fibronectin adsorption on PS/PMMA-r-PMAA films was 

also briefly examined. However, even if PS-b-PEO and PMMA prepared 

from toluene solutions have shown an interesting contrast, collagen 

adsorption was not investigated on PS-b-PEO/PMMA films since no specific 

contrast indicating a possible phase separation could be highlighted for the 

elaboration of these films.  
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Collagen adsorption on PS/PMMA films           (details are presented 

in chapter 2, p119) 

PS/PMMA films were elaborated as discussed in section 2.1.3. In that 

section, we identified four interesting heterogeneous films: films with 

PMMA inclusions in a PS matrix (30/70t and 90/10d), and conversely, films 

with PS inclusions in a PMMA matrix (5/95t and 30/70d), the inclusions 

being either under the form of pits, islands or not correlated with a specific 

topography. Additionally, we could classify them in function of their PS 

fraction in surface evaluated by XPS (PSXPS): in ascending order, 05/95t < 

30/70d < 30/70t < 90/10d.  

These four phase-separated films were characterized by AFM in 

tapping mode after collagen adsorption (see Figure 24).  We observe that the 

higher the PSXPS on the bare film, the more large fibrils developed on the 

film, which is in good agreement with what was observed on pure polymer 

films. Large fibrils were indeed observed on PS but not on PMMA. 

Furthermore, adsorbed collagen organization seems to depend on the 

polymer forming the matrix (PS or PMMA). On the films presenting a PS 

matrix, assemblies with morphologies closer to those observed on pure PS 

and pure PMMA were found in the PS matrix and the PMMA inclusions, 

respectively (e.g. on the 30/70t film, big fibrils appear to avoid PMMA 

inclusions). On the other side, longer assemblies than those observed on pure 

PS, were obtained on films presenting a PMMA matrix. It seems, in fact, that 

the size of inclusions greatly influences the developed fibril size. On the 

30/70d and 5/95t films, the PS inclusions appear to be too small (< 600nm) 

to allow collagen organization in arms of 300 nm as observed on pure PS. 

On 90/10d and 30/70t films, the PS matrix present domains larger enough 

(PS domains > 600 nm) to allow collagen organization similar to those 

observed on pure PS.  

The nitrogen molar fraction was measured by XPS on these 

heterogeneous collagen layers. To investigate the influence of the PSXPS 

(determined on bare polymer films) on the obtained collagen layers, PSXPS 

was platted as a function of the detected nitrogen level measured after 

collagen adsorption (see Figure 25).  
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Figure 24: AFM height images obtained on heterogeneous PS/PMMA films (2.5 x 2.5 µm²; 
inserts,3.2 x 4 µm²; z = 30 nm) and on pure PS and PMMA films (2.5 x 1.25 µm²), (spin-

coated on MOPTMS-treated glass) after 2 h of collagen adsorption.    
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Figure 25: Evolution of the nitrogen surface concentration determined by XPS after collagen 
adsorption as a function of the PS surface fraction determined by XPS on PS/PMMA films 

before adsorption. 

 

A linear correlation was found between these two parameters, suggesting 

that the higher the PSXPS, the higher the adsorbed collagen amount. This 

shows that the amount of collagen adsorbed on heterogeneous PS/PMMA 

surfaces can be described as a combination of that observed on the pure 

polymers, weighed by their surface fraction.      

Fibronectin adsorption on PS/PMMA-r-PMAA films (see appendix 1 

for details, p173) 

Fibronectin adsorption was briefly investigated on 90/10rd and 

30/70rd PS/PMMA-r-PMAA films spin-coated on PMMA plates. AFM 

images of these films before and after adsorption are shown in Figure 26.  
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Figure 26: AFM height images (5 x 2.5 µm2, z scale is indicated on each image) obtained on 
PS/PMMA-r-PMAA films (90/10rd and 30/70rd) (spin-coated on PMMA plates), before and 

after fibronectin adsorption (30 µg/mL for 2 h). (zoom images are 2 x 2µm²)    

 

Whereas the matrix and inclusions (pits or islands) are originally 

extremely smooth, the surface becomes much rougher after fibronectin 

adsorption. Two observations can be made: (i) fibronectin seems to 

accumulate at the edges of inclusions, inducing a decrease in the pits width 

or an increase in the islands width, and (ii) around the inclusions, in the PS 

matrix for 90/10rd films and inside the PS inclusions for 30/70rd films, 

fibronectin forms a much smooth layer. Accordingly, it seems that, as 

observed on the corresponding homogeneous surfaces (see previous section 

2.2.1), fibronectin formed a much smoother layer on PS compared to 

PMMA-r-PMAA domains. Protein accumulation on inclusion edges was 

previously observed with albumin on PS/PMMA films. The explanation 

given for that observation was that the difference in surface energy between 

PS and PMMA being significant, adsorption at interfaces would allow the 

binding of more hydrophobic regions of albumin to the PS domains as well 

as the binding of its more hydrophilic regions to the PMMA domains.68  
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2.3. Cell culture        (details are presented in chapter 3, p147) 

Finally, the focus was put on cell culture experiments, which were 

performed on the PS/PMMA films with and without collagen coating. The 

polymer films were first sterilized in ethanol for 30 min, and coated with a 

sterile collagen solution, before inoculating MC3T3-E1 cells in serum-

supplemented medium. Cell culture was first performed on pure PS and 

PMMA polymer films prior to and after collagen adsorption and finally, 

heterogeneous films were investigated. 

2.3.1. Cell culture on pure polymer films 

MC3T3-E1 cells were cultured on pure PS and PMMA polymer films as 

well as on glass (used as a positive control). The morphology of cells 

developed on these substrates was examined by immunofluorescent 

microscopy: nuclei were colored in blue, actin cytoskeleton was stained in 

red and vinculin was revealed in green. The results are presented in Figure 

27. In absence of collagen coating, MC3T3-E1 cells appeared to adhere 

poorly on polymer films compared to glass. While cells already began to 

spread on glass after 4 h, cells with poor cell areas adhered on PS and 

PMMA (note that scale bars are not the same for these three pictures). When 

collagen was adsorbed on the substrates prior to cell inoculation, the 

observed morphologies were dramatically different. Cells on glass still 

developed a well spread rounded morphology, but more pronounced than 

without collagen coating. On PMMA, cells presented spider-shape 

morphology, and were less spread than the elongated cells developing on PS. 

After 24 h of culture on collagen coated-surfaces (see Figure 28), cell 

morphology continued to evolve on all surfaces. Cells on glass became 

cuboid, as expected for pre-osteoblasts. The initially elongated cells 

observed on PS became triangular-shaped, while the spider-shaped cells 

observed on PMMA became elongated.  
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Figure 27: Actin (red), vinculin (green) and nucleus (blue) staining for MC3T3-E1 cells 
cultured for 4 h on glass and pure PMMA and PS polymer films, with and without collagen 

coating (white scale bar = 100 µm). 
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Figure 28: Actin (red), vinculin (green) and nucleus (blue) staining for MC3T3-E1 cells 
cultured for 24 h on glass and pure PMMA and PS polymer films, with collagen coating 

(white scale bar = 100 µm). 

 

Additionally, the attachment strength of cells on each surface can be 

examined through the analysis of vinculin (stained in green on pictures) 

organization in the cell. The number of vinculin aggregates found on 

pictures reflects the extent of focal points formation. The more cells are 

attached to the substrate, the more cells present vinculin aggregates. After 4 

h, vinculin appeared homogeneously dispersed in cells, except on collagen-

coated glass surfaces where several cells already presented vinculin under 

the form of aggregates. After 24 h of culture on collagen-coated surfaces, 

cells on glass presented bigger vinculin aggregates than after 4 h. Small 

aggregates were observed in several cells on PS while vinculin was still 

homogeneously dispersed on the cells grown on PMMA.  

Glass 

PMMA 
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These results show a drastic effect of the nature of substrate and of 

collagen precoating on cell adhesion. This can be explained by the use of 

serum-supplemented medium for cell culture. Serum contains a high 

concentration of albumin, which will cover bare substrates. This could 

prevent the further adsorption of adhesion proteins present in serum, and 

thereby, the cell adhesion itself. Actually, it is well known that albumin is 

more easily displaced by adhesion proteins on hydrophilic compared to 

hydrophobic substrates.95-97 When collagen is adsorbed on substrates prior to 

cell seeding, we know that its organization varies depending on the nature of 

the substrate (see section 2.2). It is not surprising that this strongly 

influences the developed cell morphology. On glass, collagen forms a few 

amounts of small fibrils. This generates strongly attached cuboid cells. A lot 

of small collagen fibrils are formed on PMMA films. This induces adhesion 

of a few poorly attached spider-shaped (to elongated-shape) cells. Finally, a 

lot of large collagen fibrils are formed on PS films. Moderately attached 

elongated-shape (to stellate-shape) cells develop on such large assemblies.  

Collagen organization will certainly influence the exposure of ligands 

available for cells. In a previous study, it was shown that large fibrils as well 

as collagen monomers or smaller assemblies induced cell attachment to the 

substrate by means of the same integrins (α1β1 and α2β1).98  However, the 

activity of other cell receptors for collagen, including the discoidin receptor, 

was only detected on fibrillar collagen.99 Additionally, different protein 

organizations could generate different mechanical stimuli for the cell. It has 

been shown that different types of collagen organization (fibrils vs 

monomers) generated layers with different mechanical properties: on 

PMMA, the collagen layer would be more compact, less compressible, and 

more mechanically resistant than on PS, where collagen appeared to form a 

stable but still flexible matrix.55 Both explanations, or their combination, 

could potentially explain why cell behaviors strongly varies with collagen 

organization. 

2.3.2. Cell culture on heterogeneous polymer films 

Cell culture experiments were then performed on PS/PMMA films. 

For each PS/PMMA and corresponding homogeneous film, cell densities 
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and cell areas were determined on the basis of fluorescent microscope 

images, after 4 h and 6 days of culture.  

Figure 29 presents cell densities obtained for the polymer films which 

were named in function of their PSXPS (0%, 15%, 21%, 64%, 78% and 

100%, correspond to PMMA, 5/95t, 30/70d, 30/70t, 90/10d and PS 

respectively).  After 4 h of culture (Figure 29 in blue), cell densities were 

higher on polymer films with collagen coatings than in absence of such 

coating. In the case of collagen coated films, the cell density was moreover 

higher on any heterogeneous PS/PMMA films compared to pure polymer 

films, while in the case of films without collagen, the highest densities was 

observed for films with PSXPS of 15% and 21% (5/95t and 30/70d). After 6 

days of culture (Figure 29 in red), the measured densities on films with or 

without collagen coatings were generally similar, and were presenting 

maximum for films of PSXPS of 15% and 21% (5/95t and 30/70d).  

The corresponding developed average cell areas are presented in 

Figure 30. After 4 h of culture (in blue), cells grown on PMMA presented 

similar areas on films with and without collagen coatings, while in the case 

of PS, larger areas were measured on collagen-coated films. On 

heterogeneous films, intermediate values between the ones formed on pure 

PS and PMMA were observed. Thus, in the case of collagen-coated films, 

the higher the PS fraction in surface, the higher the cell spreading, while in 

the case of films without collagen, cell spreading seemed to be inversely 

proportional to PSXPS. After 6 days (in red), cell areas were generally higher 

on collagen films. In both cases (coated and non-coated) however, a similar 

trend was observed, cell spreading being roughly inversely proportional to 

PSXPS. Accordingly, even if after 4 h, collagen-coated PS films appeared to 

be better in terms of cell spreading, after 6 days, collagen-coated PMMA 

films appeared to promote cell spreading the best.  
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Figure 29: Evolution of the cell density after 4 h (blue) and 6 days (red) of culture, in 
function of the PS fraction in surface (PSXPS) determined by XPS on bare PS/PMMA polymer 

films. Cell density was calculated from the number of DAPI stained nucleus present on the 
polymer film: circles represent evolution of culture on films with collagen while squares 

symbolize evolution on films without collagen. Densities are expressed in percentage of the 
density found on glass with collagen coating after 4 h of culture. Error bars report confidence 

intervals (95 % level of confidence).    

 

 

Figure 30: Evolution of the cell area in function of the PS fraction in surface (PSXPS) 
determined by XPS on bare PS/PMMA polymer films. The cell area was calculated from 
images obtained by merging the signal from the 3 dyes (DAPI, Phalloïdin and vinculin). 

Evolution are presented for culture of 4 h (in blue) or of 6 days (in red). Culture were 
performed on films with (circles) or without (square) collagen. Error bars report confidence 

intervals.    

-100

0

100

200

300

400

500

600

700

0 20 40 60 80 100

N
o

rm
a

li
ze

d
 c

e
ll

 d
e

n
si

ty
 (

%
)

PS fraction in surface (%)

4 h with collagen

4 h without collagen

6 days with collagen

6 days without collagen

-400

0

400

800

1200

1600

2000

0 20 40 60 80 100

C
e

ll
 a

re
a

 (
µ

m
²)

PS fraction in surface (%)

4 hours with coll 4 hours without collagen

6 days with collagen 6 days without collagen



Summary of main results 

79 
 

To summarize, cell areas and densities observed after 4 h differed 

significantly from those observed after 6 days. It was surprising to observe 

that, after 4 h, films coated with collagen seemed be to better than those 

without, while after 6 days, the opposite was observed. Furthermore, it 

appeared that cell areas were always higher on collagen-coated 

homogeneous films (on PS after 4 h and on PMMA after 6 days), while the 

highest cell density was always obtained on heterogeneous films (any 

PS/PMMA films with collagen after 4 h and films with PSXPS of 15% and 

21% without collagen after 6 days).  

As discussed in point 2.3.1, the difference observed between PS and 

PMMA could be explained by the different supramolecular organization and 

mechanical properties of collagen layers of these films. Cell areas observed 

on PS after 4 h are maybe higher than on PMMA, but the morphology 

observed was however far from that observed on glass positive control. The 

cells on PS were more stellate than on glass, which indicates a higher 

motility. This may be a sign of good adhesion but of low proliferation.100, 101 

The fibrillated and flexible collagen layer developed on PS would induce 

high adhesion of stellate-shaped cells, which could have a low proliferation 

rate. This would finally lead to a low cell density and to poorly spread cells, 

as observed after 6 days.  

It was also interesting to note that MC3T3-E1cells behavior on our 

films was not only a question of PSXPS, since the density was found to be 

higher on heterogeneous films compared to the corresponding pure 

polymers, suggesting that heterogeneity would be an important parameter for 

the control of cell density. Heterogeneity arises from the chemical 

composition and topography of the film as well as from the collagen layer 

organization. The trend observed on films without collagen coatings 

(maximum at PSXPS 15 % and 21 %) must be directed by heterogeneity of 

polymer film itself. However, in the case of films with collagen coatings, the 

trend is not similar after 4 h and after 6 days of culture. The trend observed 

after 4 h would be directed by the organization of the collagen layer. 

Accordingly, after 4 h, a heterogeneous collagen layers (whatever the 

amount of small or large fibrils) could induce an increase of cell density. On 

the other hand, the trend observed after 6 days, being similar to those 
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observed on films without collagen coating, would suggest that collagen 

layers would not be stable after 6 days in culture medium and would 

reorganize in a layer close to that observed on films without collagen. Cells 

are continuously synthesizing and excreting proteins and other ECM 

constituents which can clearly modify the protein layer present on the 

surface at the very beginning of the cell culture. 
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3. Conclusions 

3.1. Main achievements 

3.1.1. Elaboration of heterogeneous films 

The preparation of heterogeneous surfaces in terms of chemical 

composition was achieved by polymer demixing of immiscible polymers, 

using spin-coating. Even if three polymer blends were investigated 

(PS/PMMA, PS/PMMA-r-PMAA, PS-b-PEO/PMMA), such a chemical 

contrast at the extreme surface was only successfully obtained with 

PS/PMMA and PS/PMMA-r-PMAA blends. In the case of PS-b-

PEO/PMMA, none of the conditions used led to a sufficiently interesting 

contrast. 

Regarding PS/PMMA blends, four interesting heterogeneous films 

were identified: films with PMMA inclusions in a PS matrix (30/70t and 

90/10d), and conversely, films with PS inclusions in a PMMA matrix (5/95t 

and 30/70d), the inclusions being either under the form of pits, islands or not 

correlated with a specific topography.  

Regarding PS/PMMA-r-PMAA/PS blends: a series of 

heterogeneous films were produced, and can be classified in two categories: 

films presenting PS islands in a PMMA-r-PMAA matrix (20/80rd and 

30/70rd), and films presenting PMMA-r-PMAA pits in a PS matrix (80/20rd 

and 90/10rd).   

In both cases, heterogeneities generated by spin-coating were not 

only chemical but also topographical. However, PS/PMMA films appeared 

to be more suitable since PS/PMMA-r-PMAA films present inclusions 

which are higher or deeper. Moreover, the corresponding homogeneous 

substrates are rougher. This brings additional parameters into the system 

which are unwanted for the future protein adsorption and cell studies.  

3.1.2. Protein adsorption 

Collagen adsorption was first examined on the pure polymer films 

and conditions leading to a different collagen distribution depending on the 
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polymer could be found. Even if two types of potentially interesting 

behaviors were investigated (preferential adsorption on one phase vs 

different supramolecular organization depending on the phase), we were 

only able to identify conditions leading to an interesting contrast between 

two polymers in term of collagen supramolecular organization. A contrast of 

collagen organization was indeed obtained between PS and PMMA (or 

PMMA-r-PMAA) for 2 h of adsorption with a collagen solution at 25 

µg/mL. Large collagen assemblies were found on PS while a layer of 

collagen monomers or very small assemblies covered the surface of PMMA. 

A contrast was also observed between PS and PMMA-r-PMAA films after 

the adsorption of fibronectin, another adhesion protein. In that case 

fibronectin formed much more globular aggregates on PMMA-r-PMAA 

compared to PS.  

Adsorption was then investigated on heterogeneous films in the 

promising conditions identified on the pure polymers: 

A range of different collagen organizations was obtained on 

PS/PMMA films. Inclusions size was revealed as an important parameter 

in the control of the supramolecular organization on these blend films. It 

appeared that, if the PS domains, either surrounding or surrounded by the 

PMMA phase, were above 600 nm wide, a heterogeneous distribution of 

collagen was found, in agreement with observations made on pure polymers. 

Otherwise, the formed fibrils in the PS domains were longer and thinner 

compared to the ones observed on pure PS. The nitrogen molar fraction 

determined by XPS suggested however that the amount of collagen detected 

on all PS/PMMA films is a combination of the ones obtained on the pure 

polymers.  

On the other hand, heterogeneous fibronectin organizations were 

obtained on PS/PMMA-r-PMAA films: the morphology of adsorbed 

fibronectin layers obtained on heterogeneous films was a combination of th 

e ones observed on the pure polymers, (i.e. rougher layer on PMMA-r-

PMAA compared to PS), along with an effect of accumulation at the 

interface between the two polymers (edges of inclusions).  
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3.1.3. Cell culture 

The impact of bare and collagen-coated PS/PMMA films on cell 

behavior, after short culture times (4h and 6 days), was finally studied. We 

were able to identify positive effects of heterogeneities (in terms of film 

surface chemical composition and of collagen organization) on cell 

morphology, developed cell area and cell density.  

Collagen adsorption prior to cell inoculation was shown to affect 

cell behavior mainly after 4 h. This is attributed to the organization of 

collagen, which would induce a combination of 2 effects: 

(i) collagen organization direct the exposure ligands available for 

the cells. Different amount and type of ligand may lead to different 

cell behavior 

(ii) collagen organization generates specific mechanical 

environments for the cells which again may lead to different cell 

behavior.   

A longer time in culture (6 days) would induce a reorganization of the 

protein layer, which would lead to protein layers giving similar cues to the 

cells in absence or presence of collagen precoating. After 4 h, cells with high 

cell area and high density were found on heterogeneous films with a high PS 

surface content, while after 6 days, such behavior is rather obserevd on 

heterogeneous films with a high PMMA surface content.  

Finally, both in absence or presence of collagen precoating and after 

4 h or 6 days in culture, two other effects were revealed: 

(i) the developed cell area on heterogeneous films is a linear 

contribution of the behaviors observed on the pure polymers. 

(ii) cell density is positively affected by the heterogeneity of the 

surface, a higher cell density being observed on heterogeneous 

films compared to the corresponding pure polymers. 

This part of the work emphasizes the importance of the study of 

adsorbed proteins on chemically heterogeneous surfaces. The cell behavior 

cannot only be explained by the nature and amount of adsorbed proteins. 
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Their organization is here identified as a crucial factor, which could be 

controlled by the underlying surface chemical composition. Our results 

represent then a new point of knowledge in the interaction of cells with 

protein organization and surface chemical composition heterogeneities.  

Our findings give also two main requirements for future research. The 

first is to identify the scope of the response, specifically which cell types 

react to these cues. Previous studies have clearly highlighted that one cell 

type could response positively to a specific cue while others could react 

oppositely.  This also needs to be observed at a molecular level so as to 

further elucidate the mechanisms of cell reaction. The second is to 

investigate differentiation with longer time in culture. Previous studies have 

indeed shown that initially, cell could be highly responsive to substrates 

heterogeneities, while, with time, the same cues could lead to a negative 

response. The important challenge here is to be able to induce appropriate 

cell response which will lead to the desired differentiation pathway 

depending on the application. 

The future of cell and tissue engineering depends on the development 

of next-generation biomaterials. These materials must either provide culture 

supports to ensure the proliferation of the cells collected through biopsy, or 

provide control over cell attachment and development into tissues. On the 

one hand, our results could be used to design new culture supports to 

enhance the proliferation of cells collected from bone biopsy and thereby 

would improve the speed of the process. These new culture supports would 

be, first, covered by a PS/PMMA polymer blend layer which will be made 

with PS/PMMA optimum ratio for cell proliferation on which collagen 

layers would be deposited. On the other hand, our results could be used in 

the design of new implants or scaffolds. The idea would be to use metals, 

ceramics, polymers or composites which possess the right mechanical 

properties end to modify them so that they would be able to induce the 

collagen organization of interest.  
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3.2. Future prospects 

3.2.1. Strategy chosen for the design of protein layers with a 

heterogeneous distribution 

The aim of this thesis was to evaluate the impact of protein 

distribution on cell behavior. A heterogeneous protein organization was 

obtained by protein adsorption on chemically heterogeneous substrates. As 

explained above, another possible strategy which was only partially 

exploited here consists in preparing heterogeneous surfaces on which one 

phase inhibits protein adsorption. The use of Pluronic could be investigated 

further, by understanding Pluronic conformation and assembly in solution as 

well as its interaction with collagen, and by examining the effect of the type 

of Pluronic used or by using sequential (i.e. Pluronic adsorption prior to 

collagen adsorption) instead of simultaneous adsorption.  

Instead of trying to create domains with or without proteins, with a 

view to further create zones allowing or preventing cell adhesion, another 

strategy could also have been conceived.  Instead of examining the protein 

layer in depth prior to performing cell experiments, we could first culture 

cells on homogeneous films, treated with adhesion protein, and based on the 

results, select couples of one polymer allowing cell adhesion with one 

polymer preventing cell adhesion, in a given condition, to finally focus on 

the elaboration of blend polymer films.  

Cell cultures on all the polymers investigated in this thesis (not only 

PS and PMMA) were actually briefly carried out to implement such strategy. 

After three days of culture, Coomassie dye was used for cell staining to 

globally see how cell had proliferated. The results are presented in Table 3 

and are expressed in terms of very good proliferation (+), moderate 

proliferation (+/-) and very poor to no adhesion (-). These results already 

allow us to identify other potentially interesting systems that could be 

investigated to achieve our goal: fibronectin on PS (or PS-b-PEO)/PMMA-r-

PMAA or collagen on PS/PMMA-r-PMAA and on PS-b-PEO/PMMA films. 
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Table 3: Qualitative observation of MC3T3-E1 cells cultured for 3 days on pure polymer 
films and on glass after incubation of the substrate in PBS, fibronectin or collagen. Cells 

proliferation was observed after Coommassie blue staining. 

 PBS Fibronectin collagen 

Glass + + + 

PS - + +/- 

PMMA  +/- + +/- 

PS-b-PEO - + - 

PMMA-r-PMAA  - - - 

 

3.2.2. Blend films elaboration 

The results obtained here on PS-b-PEO and PMMA films suggest 

again the investigation of cell culture on blends films (with a collagen 

coating or not). However, we were not able to elaborate films exposing both 

polymers at the extreme surface. Even if films prepared from dioxane 

solutions seemed to phase-separate better than those prepared from toluene, 

they were still covered by a thin PMMA layer. We could investigate other 

solvents, annealing procedures (solvent, temperature) or modify the spin-

coating conditions (always kept at 5000 rpm) in order to try to modify the 

extreme surface and reach the exposure of both components at the interface.     

3.2.3. Protein adsorption 

We observed a drastic difference of nitrogen level detected by XPS 

on the pure polymer films after fibronectin or collagen adsorption. It could 

be interesting to clarify these behaviors by means of other techniques such as 

radiolabeling or Quartz Cristal Microbalance. 

3.2.4. Cell culture experiments 

On films without collagen precoating, we found that the cell density 

was influenced by the surface chemical heterogeneity, leading to a higher 

cell density on heterogeneous films with a high PMMA content. Since cell 

cultures were performed under serum condition, it is obvious that adhesion 
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proteins from the serum cover the polymer film prior to cell adhesion and 

therefore, the observed effect would also be directed by the heterogeneous 

distribution of those serum proteins. We could repeat the same experiment in 

absence of serum to confirm this hypothesis.  

On films with collagen precoating, we also found an effect of 

heterogeneity on cell density. This effect was attributed to a combination of 

the exposure of ligands and of mechanical properties of the protein layer. 

The study of cell density on the same films with fibronectin precoating 

would be interesting in order to determine if this effect is due to the presence 

of adhesion ligands whatever their nature, or if it is a specific behavior 

generated by collagen. Additionally, different cell morphologies were 

observed between pure PS and PMMA. These differences would be a 

cumulative effect of collagen organization along with chemical composition 

of the films. To free oneself of the chemical composition, the investigation 

of cell culture on PMMA precoated with a collagen solution at 100 µg/mL 

(leading to the formation of large fibrils), and on PS precoated with a 

collagen solution at 8 µg/mL (leading to the formation of small assemblies 

only) should help us better understanding the different behaviors observed 

between PS and PMMA in this thesis. 

Finally, the main perspective of the work of this thesis is the 

investigation of cell differentiation. Even if it is very important to understand 

very well the cell behavior after short time in cell culture before 

investigating differentiation after longer times, behaviors appearing to be 

excellent after short time could prove to be not appropriate for differentiation 

after a longer time. We attempted to evaluate cell differentiation in the 

course of the present thesis. We could highlight the differentiation of 

MC3T3-E1 cells on glass through alkaline phosphatase assay (generally used 

as short term tag of differentiation). However, an increase of osteocalcin 

concentration or the formation of a mineralized matrix (generally used as 

longer term tag of differentiation) was never observed with our MC3T3-E1 

cells. We assume that our cell line lost its ability to differentiate. We believe  

that the series of collagen layers that was elaborated here is highly 

interesting to investigate differentiation. Therefore, submitting the 
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heterogeneous films to the culture of more stable osteoblast lines would be 

relevant.  
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Chapter I 

 

An AFM, XPS and wettability study of the 

surface heterogeneity of PS/PMMA-r-

PMAA demixed thin films 

 

Summary 

A series of homopolymer / random copolymer blends was used to produce 

heterogeneous surfaces by demixing in thin films. The chosen homopolymer 

is polystyrene (PS) and the random copolymer is poly(methyl methacrylate)-

r-poly(methacrylic acid) (PMMA-r-PMAA). Combining unconventionally 

the information from atomic force microscopy (AFM) images, X-ray 

photoelectron spectroscopy (XPS) data, water contact angle measurements 

and PS selective dissolution, it appears that the surfaces obtained from 

blends with a high PS content (90/10 to 70/30) display pits with a bottom 

made of PMMA-r-PMAA, randomly distributed in a PS matrix. On the other 

hand, the surfaces obtained from blends with a low PS content (30/70 to 

10/90) display randomly distributed PS islands surrounded by a PMMA-r-

PMAA matrix. The morphology of the heterogeneous films is thought to be 

governed by the higher affinity of PMMA-r-PMAA for the solvent 

(dioxane), which leads to the elevation of the PS phase compared to the 

PMMA-r-PMAA phase, and to surface enrichment by PMMA-r-PMAA.    



Detailed presentation 

100 
 

1. Introduction 

A number of important properties of polymer materials, including 

their interaction with biological systems, are controlled by their surface 

chemistry and morphology [1-5]. Therefore, to study protein or cell 

interactions with polymer materials, the surface composition and 

morphology of these materials need to be very well characterized. Polymer 

blends, which are widely studied, show surface properties which are often a 

combination of those of the pure polymers, and their surface composition is 

often different from that of the bulk [6]. Furthermore, because of the 

immiscibility of most polymers, the surface of polymer blends usually 

presents segregated structures with domains predominantly constituted of 

each individual polymer [7-10].  

The polystyrene / poly(methyl methacrylate) (PS/PMMA) blend is a 

well-known combination of immiscible polymers for which bulk and surface 

phase separation have been observed. Islands/matrix and pits/matrix 

morphologies were both reported [7-10]. Changing the relative polymer 

proportions in such blends influences the geometry of the observed domains 

[11]. The component with the lower surface free energy, i.e. PS, tends to be 

enriched at the surface in order to minimise the polymer-air surface tension 

[12]. However, PS/PMMA thin films obtained by spin-coating may be far 

from equilibrium due to the rapid solvent evaporation during the spin-

coating process. Their thickness and surface morphology are mainly due to 

factors such as the concentration of the polymers in the blend [9,13,14], the 

speed of spin-coating [11,13,15], the choice of the solvent [7,10,11], and the 

chemical nature of the substrate [7,13]. In some studies, annealing was 

performed to get closer to equilibrium [8,12,16]. 

Random copolymers, consisting of a random sequence of two 

different monomers, do not lead to surface segregation because of the 

absence of sequences of the same monomer with a sufficient length. 

Methacrylate random copolymers, like poly(methyl methacrylate)-r-

poly(methacrylic acid) (PMMA-r-PMAA) and poly(methyl methacrylate)-r-

poly(trimethylaminoethyl methacrylate) (PMMA-r-TMAEMA), were used 

to bring a negative or positive charge to PMMA in order to study the 
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influence of surface charge on bacterial adhesion [17,18]. Besides, 

segregated structures were produced by spin-coating a solution of PMMA-r-

PMAA on top of a PS substratum which dissolved during the process [10]. 

In this case, the heterogeneous morphology is composed of a homopolymer 

phase (PS) and of another phase (PMMA-r-PMAA) with a larger chemical 

diversity compared to pure PMMA. The interest of this kind of blends lies in 

the possibility to control the proportion of a given chemical function in the 

copolymer phase by varying the proportion of the two monomers in the 

random copolymer. Furthermore, the acidic functions of PMAA could be 

used for further surface functionalisation or grafting.  

In this study, we use a series of homopolymer/random copolymer 

blends to produce heterogeneous substrates by demixing in thin films. The 

chosen homopolymer is polystyrene (PS) while the random copolymer is 

poly(methyl methacrylate)-r-poly(methacrylic acid) (PMMA-r-PMAA) with 

20 % of methacrylic acid units. The aim of this work is to characterize in 

detail the surface morphologies obtained for different proportions of PS and 

PMMA-r-PMAA in the blends. The obtained surfaces are analyzed by X-ray 

photoelectron spectroscopy (XPS) using thorough and original data 

treatments, atomic force microscopy (AFM) and wetting measurements. 

Selective dissolutions are also performed to identify the presence of a given 

polymer in the observed domains, thereby getting more insight into the 

obtained morphologies and their formation mechanism. 

 

2. Materials and methods 

2.1. Preparation Preparation of thin films of PS/PMMA-r-PMAA 

Demixed thin polymer films were produced by spin-coating (speed = 

5000 rpm, acceleration = 20,000 rpm/s, time = 40 s) a 40 µl drop of blends 

of PMMA-r-PMAA (random copolymer with 80% of PMMA and 20% of 

PMAA, Mw ~ 106 ; from Polysciences, Warrington, USA) and PS (Mw ~ 

230,000, Mn ~ 140,000;  from Merck, Germany) dissolved in dioxane 

(Fluka, Switzerland) onto a PMMA plate. In order to obtain a range of 

substrates having different morphologies, a series of seven polymer solutions 
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containing different PS/PMMA-r-PMAA ratios (90/10, 85/15, 80/20, 70/30, 

30/70, 20/80 and 10/90 w/w) was prepared; the total polymer concentration 

was always 10 g/l. Homogeneous films of PS and PMMA-r-PMAA were 

also used as controls (100/0 and 0/100, respectively). Note that the thickness 

of the spin-coated films was measured by ellipsometry for homogeneous PS 

and PMMA-r-PMAA spin-coated onto silicon wafers using the same spin-

coating conditions. It was about 40 nm in both cases. The PMMA plates, 

used as substrates, were obtained by compression molding of a PMMA 

powder (Mw ~ 996,000, Tg 125° C ; from Aldrich, USA) between two glass 

plates at 240°C. These plates were cut in order to obtain disks of PMMA (12 

mm diameter) which were cleaned by ultrasound treatment in water for one 

minute and dried under a nitrogen flow before the spin-coating process. A 

high molecular mass PMMA was selected to avoid PMMA dissolution 

during spin-coating.  

2.2. Selective dissolution 

In order to identify the PS domains at the sample surface, selective 

dissolution of the PS phase was achieved. The samples were immersed in 20 

ml of cyclohexane (Fluka, Switzerland) at 45°C for 2 hours. They were then 

washed 5 times with hot cyclohexane under agitation and were finally 

abundantly rinsed with ethanol (Fluka, Switzerland) and dried under a 

nitrogen flow. 

2.3. Atomic Force Microscopy (AFM)  

The AFM analyses were performed with a Nanoscope III apparatus 

(Digital instruments, Santa Barbara, USA) in contact mode. The analyses 

were performed under milli-Q water and at room temperature. The Si3N4 tips 

had a spring constant of about 0.01 N/m and a radius of curvature of about 

20 nm (Park Scientific Instruments, Mountain View, USA). The scan rate 

was about 5 Hz and the applied force was the minimum value allowing to 

keep the contact between tip and sample. For each sample, at least four areas 

were imaged in height mode. Images were plane-fitted using the image 

analysis software provided with the microscope. The Nanoscope Bearing 

analysis was used to determine the proportion of the surface occupied by the 
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inclusions. The bearing analysis calculates and displays the bearing-ratio 

curve and surface-height histograms for selected lines or areas on images. 

The bearing-ratio curve is the integral of the surface-height histogram. It 

represents the percentage of points above a reference plane as a function of 

the depth of that plane below the highest point. 

2.4. X-ray Photoelectron Spectroscopy (XPS)     

The XPS analyses were performed with a Kratos Axis Ultra 

spectrometer (Kratos Analytical – Manchester – UK) equipped with a 

monochromatised aluminium X-ray source (powered at 10 mA and 15 kV). 

The pressure in the analysis chamber was around 10-6 Pa. The angle φ 

between the normal to the sample surface and the lens axis was 0° unless 

specified otherwise. Analyses at φ = 70° were also performed in order to 

collect information on a thinner surface layer. The hybrid lens magnification 

mode was used with the slot aperture resulting in an analysed area of 700 µm 

x 300 µm. Charge stabilisation was achieved by using the Kratos Axis 

device. The pass energy was set at 40 eV for the detailed scans. In these 

conditions, the energy resolution gives a full width at half maximum 

(FWHM) of the Ag 3d5/2 peak of about 0.9 eV and a maximal signal counts 

of 1 038 000 counts/second. The following sequence of spectra was 

recorded: survey spectrum, C 1s, O 1s and C 1s again to check the stability 

of charging potential and the absence of degradation of the samples during 

the analysis. The binding energies were calculated with respect to the C-

(C,H) component of the C 1s peak fixed at 284.8 eV. Molar concentration 

ratios were calculated using peak areas normalised according to acquisition 

parameters and sensitivity factors provided by the manufacturer. Peak 

decomposition was achieved with the Casa XPS software (Casa Software 

Ltd, UK), after subtraction of a linear baseline.  

2.5. Water contact angle measurements  

Static water contact angles (Өw) were measured at ambient 

temperature using the sessile drop method and image analysis of the drop 

profile. The instrument, using a CCD camera and an image analysis 

processor, was purchased from Electronisch Ontwerpbureau De Boer (The 
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Netherlands). The water (milli-Q, Millipore, Molsheim, France) droplet 

volume was 0.3 µl, and the contact angle was measured 5 seconds after the 

drop was deposited on the sample. For each sample, the reported value is the 

average of the results obtained on at least 10 droplets.  

 

3. Results 

Topographic AFM images are presented for four of the seven 

PS/PMMA-r-PMAA polymer blends and for the corresponding 

homogeneous films are shown in Figure 1.  

 

Figure 1: Representative AFM images (high mode, 5 x 5 µm²; vertical grey scale = 50 nm) of 
thin films of blends of PS and PMMA-r-PMAA (composition of the blend indicated on top of 

each image). The cross-sections were taken at the position indicated by the dotted lines. 
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While the control PS and PMMA-r-PMAA films are rather flat, the demixed 

films present a typical surface relief. For the blends with a high PS content 

(90/10 and 80/20), the obtained surfaces display randomly distributed 

inclusions which are below the matrix level (pits). The pit diameter increases 

with the PMMA-r-PMAA content. For the blends with a high PMMA-r-

PMAA content (30/70, 20/80), the obtained surfaces also display randomly 

distributed inclusions, which are in this case higher than the matrix level 

(islands). The island diameter increases with the PS content. Table 1 

summarizes information extracted from the AFM images presented in Figure 

1 as well as from AFM images acquired on the other investigated blend 

compositions (images not shown). The depth of the pits or the height of the 

islands, measured on cross-sections, are in the range of 20-50 or 30-40 nm 

respectively. The proportion of the surface occupied by the inclusions was 

determined thanks to the Nanoscope bearing analysis. For blends with a high 

PS/PMMA-r-PMAA ratio presenting pits, it increased from 14 to ~ 50% 

with the PMMA-r-PMAA content. It was close to 30% for the islands made 

of blends with a low PS/PMMA-r-PMAA ratio. 

 

  Table 1: Data extracted from AFM images of thin films of blends of PS and 
PMMA-r-PMAA. 

 
   a Standard deviation is given between brackets (data extracted from 4 images and at least 5 

pits or islands per image) 

 

Static water contact angles and raw XPS data are presented in Table 

2. The water contact angles of the random copolymer PMMA-r-PMAA (66°) 

and of PS (85°) are close to those reported in the literature for these 

polymers [10]. The water contact angle measured on demixed thin films 

shows intermediate values, which increase with the PS content. The XPS 
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Survey spectra show only the presence of oxygen and carbon (note that 

hydrogen atoms are not detected by XPS). The elemental composition of the 

surface is expressed in mole fraction O/(O+C). On pure PS, there is a low 

concentration of oxygen which is attributed to contamination from air, to 

additives or to catalyst residues present in the polymer. For PMMA-r-

PMAA, the mole percentage of oxygen is expected to be 29.5%. The slightly 

lower experimental value may be mainly attributed to an underestimation of 

the proportion of oxygen (10% to 15%), owing to the sensitivity factors 

provided by the manufacturer, as also indicated by the analysis of other 

materials. The surface elemental composition of blend films is intermediate 

between those of the two pure polymers. Analyses performed at φ = 70°, 

which allow a thinner (about 3 times) surface layer to be probed, do not 

show significant difference with the analyses performed at φ = 0° for the 

pure polymers. For the PS/PMMA-r-PMAA blends 90/10 and 30/70, 

analysis at φ = 70° revealed a slight increase and decrease of the oxygen 

content, respectively, compared to the values recorded at φ = 0°.   

 

Table 2: Water contact angle (Өw) and  XPS data for thin films of blends of PS and 
PMMA-r-PMAA  

 
a Standard deviation is given between brackets (10 measurements at least) 
     b Angle φ between the normal to the sample surface and the lens axis. Note that a thicker 
surface layer is probed a φ = 0° compared to φ = 70°.                                    
   f : PMMA-r-PMAA area fraction determined from XPS data at φ = 0°with a method based 
on the oxygen and carbon mole fractions (see text for details). 
   f ′: PMMA-r-PMAA area fraction determined from XPS data at φ = 0° with a method based 
on peak decomposition (see text for details). 

 

 The C 1s peaks recorded on the pure polymers and on the 

PS/PMMA-r-PMAA blends are presented in Figure 2, together with the 

chemical formulas of the polymers.  
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Figure 2: (a) C 1s peaks obtained by XPS on thin films of blends of PS and PMMA-r-PMAA; 
(b) PMMA-PMAA and PS chemical formulas. (note that PMMA-r-PMAA is a random 

copolymer). 

The C 1s peak of PS contains a main component, at 284.8 eV, which 

corresponds to carbon bound to carbon and/or hydrogen ( C- (C,H)), and a 

shake-up peak at 292 eV due to П-П* transitions in the aromatic ring. The C 

1s peak of PMMA-r-PMAA is expected to present four components [19] 

which correspond to the different types of carbon atoms (see Figure 2b):  at 

284.8 eV for carbon bound only to carbon or hydrogen (C- (C,H), “C1”); at 

285.5 eV for carbon bound to a carbon itself bound to two oxygens ( C-

(COO), “C2”); at 286.6 eV for carbon singly bound to oxygen (C-O, “C3”) 

and at 288.8 eV for carbon involved in an ester or acid function (O-

C=O,“C4”). The proportions obtained experimentally for these four 

components are respectively, 41.1 %, 20.5 %, 17.9 %, 20.5 %. These 

experimental values correspond very well with the theoretical values which 

(a) (b) 

PMMA-r-PMAA 

PS 
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are respectively, 42 %, 21 %, 16 %, 21 %.  The C 1s peaks obtained for the 

PS/PMMA-r-PMAA demixed thin films clearly show a contribution of both 

polymers, which follows the expected trends.  

In order to evaluate the proportion of the two polymers at the surface, 

the XPS data have been treated using two different methods, which combine 

differently experimental data and modelling approximations. The first 

method consists in computing roughly the surface fraction made of PMMA-

r-PMAA starting from the C and O mole fractions determined by XPS. If the 

surface is considered as made of patches of PS and PMMA-r-PMAA which 

are thicker than the analysed depth, and if the differences of density and 

(C+O) concentration between the two pure polymers are neglected, the O/C 

ratio measured on the blends, (O/C)exp, can be expressed as: [10,11] 

( )
( ) exp
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exp C f1C f

O f1O f
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        [eq. 1] 

where f is the PMMA-r-PMAA surface fraction, exp
PSO  and exp

PAO  are 

the oxygen mole fraction, and exp
PSC  and exp

PAC  are the carbon mole fraction 

given by the XPS analysis of pure PS and pure PMMA-r-PMAA, 

respectively. The computed f values are presented in Table 2.  

The second method consists in decomposing the C 1s peak of each 

heterogeneous surface with two components corresponding to the C 1s peak 

of pure PS and the C 1s peak of pure PMMA-r-PMAA. An example of such 

decomposition is shown in Figure 3. This decomposition gives the respective 

contributions X and Y of PS and PMMA-r-PMAA in the C 1s peak of 

heterogeneous surfaces. These contributions X and Y can be converted into 

the surface fraction of PMMA-r-PMAA  (f 
′) as follows: 

( )f1C

fC

X

Y
*
PS

*
PA

′−
′

=           [eq. 2] 

where *
PSC  and *

PAC  are the carbon molar concentrations in PS and 

PMMA-r-PMAA, respectively. These carbon molar concentrations were 

computed from the stoechiometry of each polymer and from the polymer 
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density (1.04 g/cm3 for PS and 1.19 g/cm3 for PMMA-r-PMAA) [20]. *
PSC  

is equal to 79.7 and *
PAC  is equal to 58.3 mmole/cm3. The computed f 

′ 

values are presented in Table 2. In most cases, they are slightly lower than f. 

Owing to the similarity of the C 1s and O 1s peaks between ester and 

carboxylic acid functions, no further information can be obtained on the 

respective concentration of methyl methacrylate and methacrylic acid 

monomers at the surface.  

 

 

Figure 3: Illustration of the method used to evaluate the surface fraction of PS and PMMA-r-
PMAA in mixed thin films from the shape of the C 1s peak. (a) C 1s peak of pure PS, (b) C 1s 

peak of pure PMMA-r-PMAA, (c) C 1s peak of PS/PMMA-r-PMAA 80/20, decomposed 
using a linear combination of the C 1s peaks shown in (a) and (b). 

 

In order to identify the PS domains without ambiguity, the selective 

dissolution of PS was achieved on one heterogeneous surface displaying 

randomly distributed pits (90/10) and on another one displaying randomly 

distributed islands (30/70). AFM images recorded after PS dissolution are 

presented in Figure 4. The PS/PMMA-r-PMAA 90/10 surface, which 

showed pits before selective dissolution (see Figure 1), shows randomly 

distributed islands (height ~ 15 nm, diameter ~ 800 nm and area fraction ~ 

26 %) after selective dissolution. Two kinds of islands are observed: some 

are surrounded by a crest (height ~ 15 nm, with respect to the center of 

inclusion), while other ones are not. The PS/PMMA-r-PMAA 30/70 surface, 

which showed islands before selective dissolution (see Figure 1), shows 

randomly distributed pits (depth ~ 30 nm, diameter ~ 1200 nm and area 
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fraction ~ 15 %), also surrounded by a crest, after selective dissolution. The 

information extracted from AFM images after PS dissolution is summarized 

in Table 3. 

 

Figure 4: AFM images (high mode, 5 x 5 µm²; vertical grey scale = 50 nm) obtained after 
selective dissolution of PS on the PS/PMMA-r-PMAA 90/10 (left) and 30/70 (right) 

heterogeneous surfaces. The cross-sections were taken at the position indicated by the dotted 
lines. 

 

The surfaces of PS/PMMA-r-PMAA 90/10 and 30/70 blends after PS 

dissolution were also analysed by XPS (see Table 3, lower part), together 

with control samples. If PS was entirely removed by the dissolution process, 

the composition of pure PMMA-r-PMAA should be obtained in the four 

cases. Actually, a significant amount of PS remains present on the samples 

which initially contained a large proportion of PS. The PMMA-r-PMAA 

surface fraction after PS dissolution was quantified using the calculation 

methods explained above (f and f 
′ determination) and is presented in Table 3 

(lower part). In order to probe a thinner surface layer, XPS analysis were 

performed at φ = 70°. For pure PS, the O/(O+C) ratio decreases relatively by 

~ 40% compared to analysis performed at φ = 0°, and for the surface of the 

90/10 blend, it decreases by ~ 20 %. This indicates that a thin layer of PS 

remains at the surface of these samples after selective dissolution. The 100 

% of copolymer area obtained in the 30/70 blend can be explained by the 
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fact that the methods used are not enough sensitive to detect small amount of 

PS. When the PS amount is too small, the PS shake up is confused with the 

baseline, therefore the methods don’t detect the PS.   

 

Table 3: AFM and XPS data obtained on thin films of blends of PS and PMMA-r-
PMAA after selective dissolution of the PS phase. 

 

   a Standard deviation is given between brackets (10 measurements at least) 
     b Angle φ between the normal to the sample surface and the lens axis. Note that a thicker surface layer 

is probed a φ = 0° compared to φ = 70°.                                    

   f : PMMA-r-PMAA area fraction determined from XPS data at φ = 0°with a method based on the 

oxygen and carbon mole fractions (see text for details). 

   f ′: PMMA-r-PMAA area fraction determined from XPS data at φ = 0° with a method based on peak 

decomposition (see text for details). 

 

4. Discussion 

AFM images obtained on thin films of a series of blends of PS and 

PMMA-r-PMAA showed that the surface of blends with a high PS content 

(from 90/10 to 70/30) presents pits with a diameter increasing with the 

increase in PMMA-r-PMAA content, while the surface of blends with a high 

PMMA-r-PMAA content (from 30/70 to 10/90) presents islands with a 

diameter decreasing with the decrease in PS content.  
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XPS data confirm that both polymers are present at the surface. The 

PS-rich phase was removed by immersing the samples in cyclohexane, 

thereby revealing the remaining PMMA-r-PMAA phase. XPS analyses after 

treatment by cyclohexane showed that the removal of PS was not complete. 

Furthermore, analyses at φ = 70° showed a decrease of oxygen concentration 

compared to analyses at φ = 0° while before PS dissolution (Table 2), no 

significant difference was observed between analyses probing different 

depths. This shows that some PS remains at the extreme surface after 

dissolution. Since AFM analyses clearly show different surface topographies 

before and after dissolution and given the enrichment of the remaining PS at 

the extreme surface, it can be assumed that a thin layer of PS is deposited on 

the whole surface during the dissolution step. 

After PS dissolution, the surface made by the PS/PMMA-r-PMAA 

90/10 blend displays islands, some of which are surrounded by crests while 

others are not. The islands with crest would correspond to pits which could 

be seen on the surface before dissolution, while the islands showing no crest 

would be buried inside the bulk before dissolution. In the same way, the 

surface made by the PS/PMMA-r-PMAA blend 30/70 displays, after the PS 

phase dissolution, randomly distributed pits also surrounded by a crest.  

The comparison of AFM images before and after dissolution shows 

that the surface of the PMMA-r-PMAA phases, in the as-cast, is always at a 

lower level than the surface of the PS phases. The solvent affinity for each 

phase was reported to influence the structure of demixed thin films [7]. As 

dioxane is a better solvent for PMMA than for PS [20], PS will turn into a 

solid phase earlier than PMMA-r-PMAA during film formation by spin-

coating. Subsequent evaporation of the remaining solvent leads to a collapse 

of the more soluble polymer (PMMA-r-PMAA), and to the elevation of the 

other phase (PS)[7]. The presence of the crests, which are in all cases made 

of PMMA-r-PMAA, was tentatively explained in the literature by the 

difference of surface tension between the phases [7]. We would rather 

attribute their formation to adhesion of PMMA-r-PMAA on the more 

elevated edges of the PS phase which precipitate first. 
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These observations and considerations lead to the conclusion that the 

bottom of the pits would be made of PMMA-r-PMAA, surrounded by an 

elevated PS matrix, while islands would be made of PS surrounded by a 

lowered PMMA-r-PMAA matrix, as schematically depicted in Figure 5. The 

surface coverage by the inclusions, as directly measured on AFM images, 

would then represent the PMMA-r-PMAA pits surface fraction in the case of 

blends from 90/10 to 70/30, and the PS islands surface fraction for blends 

from 30/70 to 10/90 (Table 1). The relationship between the surface 

coverage by the inclusions observed by AFM (Table 1) and the surface 

coverage by PMMA-r-PMAA deduced from XPS (Table 2) is thus 

straightforward: they should be similar for the blends with a low PMMA-r-

PMAA content, and complementary for the blends with a low PS content, 

which is indeed the case. 

 

Figure 5: Schematic representation of a cross-section through the thin films made from a (a) 
PS/PMMA-r-PMAA 90/10 blend, (b) and a PS/PMMA-r-PMAA 30/70 blend. 

 

To study the link existing between the blend and surface composition, 

a comparison of the PMMA-r-PMAA surface fraction (deduced from XPS: f 
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and f ′ - Table 2 - and AFM data – Table 1) with the polymer weight fraction 

of PMMA-r-PMAA in solution is shown in Figure 6a. The PMMA-r-PMAA 

fraction is higher at the surface compared to the solution, i.e. the thin films 

display a surface excess of PMMA-r-PMAA. This trend is especially 

pronounced for low PMMA-r-PMAA content. If surface composition was 

driven by surface energy, which is lower for PS than for PMMA-r-PMAA, a 

surface enrichment of PS would be expected. The reason for the enrichment 

in PMMA-r-PMAA may be related to the spin-coating process, which leads 

to rapid evaporation of the solvent, preventing the film to reach the 

equilibrium state. The different solubilities of PMMA-r-PMAA and PS in 

dioxane cause demixing of the polymers as the solvent evaporates, leading to 

surface enrichment of the component with the highest solubility [9]. 

 

 

Figure 6: Evolution of (a) the PMMA-r-PMAA surface fraction in function of the PMMA-r-
PMAA fraction in solution; (b) the water contact angle of thin films in function of the 

PMMA-r-PMAA surface fraction (solid line: Cassie’s law). The PMMA-PMAA surface 
fraction was evaluated by XPS: f (●) and f’(○) (see Table 2 and text for details) as well as on 

AFM images (▲). 

 

Both PS and PMMA-r-PMAA are rather hydrophobic polymers, as 

shown by high water contact angles, but PMMA-r-PMAA is the less 

hydrophobic, in agreement with the presence of polar functions. The 

demixed thin films present intermediate hydrophobicity. Figure 6b shows the 

evolution of cosine of the water contact angle with the surface PMMA-r-

PMAA fraction evaluated by XPS and AFM. Clearly, the evolution is not 
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linear. For heterogeneous surfaces, the Cassie’s law predicts that the cosine 

of the water contact angle is the average of the cosine of the contact angles 

of the pure phases weighted by their respective surface fraction (line 

indicated in the graph) [21]. However, this law may no longer apply to 

systems presenting phases with a significant size (> 100 nm). In that case, 

the evolution of the static water contact angle, which may be assimilated to 

an advancing contact angle, is mainly governed by the more hydrophobic 

phase, on which the three-phases contact line remains anchored [21]. This 

explains the shape of the curve presented in Figure 6b, with cos θw values 

lower in all cases than those expected from Cassie’s law, due to the 

predominant effect of PS domains. 

 

5. Conclusion 

A series of PS/PMMA-r-PMAA heterogeneous substrates was 

produced by demixing in thin films. Blends with a high PS content (90/10 to 

70/30) display randomly distributed pits with a bottom made of PMMA-r-

PMAA, surrounded by a PS matrix. Blends with a low PS content (30/70 to 

10/90) display randomly distributed PS islands surrounded by a PMMA-r-

PMAA matrix. Original and thorough quantitative treatment of the XPS 

data, on the one hand, and of the AFM images, on the other hand, allowed 

the fraction of the surface occupied by each polymer to be estimated. A good 

agreement was found between these methods. Compared to the initial blend 

composition, the obtained heterogeneous surfaces are, at low PMMA-r-

PMAA content, enriched in PMMA-r-PMAA. Selective dissolution of the 

PS phase gave more insight into the morphology of the observed structures, 

and showed PMMA-r-PMAA crests at the interface with PS. The surface 

relief created by the inclusions, the PMMA-r-PMAA crest formation and the 

surface enrichment in PMMA-r-PMAA may be explained by the higher 

solubility of PMMA-r-PMAA compared to PS in the solvent used for spin-

coating. The correlation existing between the surface PMMA-r-PMAA 

fraction and the cosine of the water contact angle deviates from linearity (i.e. 

does not follow Cassie’s law) which may be attributed to the predominant 

effect of the more hydrophobic PS domains. The obtained heterogeneous 
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surfaces are currently used to investigate their influence on protein 

adsorption and on cell behaviour [22].  
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Chapter II 

 

Nano-organized collagen layers obtained 

by adsorption on phase-separated 

polymer thin films 

 

Summary 

The organization of adsorbed type I collagen layers was examined on a 

series of polystyrene (PS)/ poly(methyl methacrylate) (PMMA) 

heterogeneous surfaces obtained by phase separation in thin films. These 

thin films were prepared by spin coating from solutions in either dioxane or 

toluene of PS and PMMA in different proportions. Their morphology was 

unraveled combining the information coming from X-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM) and water contact 

angle measurements. Substrates with PMMA inclusions in a PS matrix and 

conversely, substrates with PS inclusions in a PMMA matrix were prepared, 

the inclusions being either under the form of pits or islands, with diameters 

in the submicrometer range. The organization of collagen layers obtained by 

adsorption on these surfaces was then investigated. On pure PMMA, the 

layer was quite smooth with assemblies of a few collagen molecules, while 

bigger assemblies were found on pure PS. On the heterogeneous surfaces, it 

appeared clearly that the diameter and length of collagen assemblies was 

modulated by the size and surface coverage of the PS domains. If the PS 

domains, either surrounding or surrounded by the PMMA phase, were above 

600 nm wide, a heterogeneous distribution of collagen was found, in 

agreement with observations made on pure polymers. Otherwise, fibrils 
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could be formed, that were longer compared to those observed on pure 

polymers. Besides, the surface nitrogen content determined by XPS, which is 

linked to the protein adsorbed amount, increased roughly linearly with the 

PS surface fraction, whatever the size of PS domains, suggesting that 

adsorbed collagen amount on heterogeneous PS/PMMA surfaces is a 

combination of that observed on the pure polymers.  This work thus shows 

that PS/PMMA surface heterogeneities can govern collagen organization. 

This opens the way to a better control of collagen supramolecular 

organization at interfaces, which could in turn allow cell – material 

interactions to be tailored.  
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1. Introduction 

The understanding and control of cell behavior on artificial materials 

is a key issue for the elaboration of innovative approaches in the field of 

biomaterials. The critical step for colonization of a material by cells is cell 

adhesion on the surface of the material. This adhesion step is mediated by 

adhesion proteins (such as collagen, fibronectin, laminin, etc) containing 

specific adhesion sequences which serves as ligand for cell receptors.1 The 

nature of the proteins as well as their conformation and organization within 

the adsorbed layer may strongly influence the receptor-ligand recognition, 

and thereby modify cell adhesion and further cell behavior.2, 3 Accordingly, 

understanding and controlling the supramolecular organization of adhesion 

protein layers on artificial surfaces is a challenge of importance.4-6 

Type I collagen is a frequently used adhesion protein for in vitro cell 

applications. Furthermore, this extracellular matrix protein plays an 

important role in the formation of tissues and organs, and influences cell 

expression in many cases. Collagen organization was shown to strongly 

influence cell behavior at interfaces.3, 7 The collagen type I molecules are 

semiflexible rods of approximately 300 nm in length and 1.5 nm in diameter 

and have the ability to self-assemble. The association of five molecules 

serves as a basis for the formation of microfibrils which can further grow 

into larger fibers. Fibrils have been shown to form in vitro as well as in 

vivo.8, 9  

While adsorption is driven for most proteins by a gain of 

conformational entropy, collagen adsorption is mainly due to a gain of 

solvent entropy when hydrophobic patches of the molecule contact either 

hydrophobic substrates areas or hydrophobic patches from other collagen 

molecules.9 Besides, it has been shown that adsorbed collagen structure 

strongly depends on the adsorption conditions, the following factors being 

crucial: characteristics of the collagen solution used for the adsorption 

(concentration,10 state of aggregation,10, 11 collagen conformation (native vs. 

denatured),12, 13 pH,11, 14 ionic strength14, 15), duration of adsorption,12, 16 as 

well as drying step after adsorption.17, 18 It was also demonstrated that the 

substrate surface properties were critical for adsorbed collagen 
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organization.7, 19 Regarding the influence of surface hydrophobicity, Gurdak 

et al observed that the tendency of collagen to form fibrils in the adsorbed 

phase was correlated with the contact angle of the surface: the more the 

surface was hydrophobic, the more collagen formed fibrils.10 In addition to 

that, Pamula et al observed a higher affinity of collagen for polystyrene 

compared to surface- oxidized polystyrene.16 Regarding surface topography, 

Denis et al compared the formation of collagen fibrillar structures on CH3- 

terminated self-assembled monolayers on smooth or rough substrates and 

demonstrated that roughness may prevent fibril formation, which was 

attributed to a reduced lateral mobility of adsorbed molecules.20  

Since the micro- or nanopatterning of proteins has been shown to 

strongly influence cell behavior, it has become an active area of 

investigation.4-6 Many advanced techniques, such as micro-contact printing 

and microfluidic patterning, have been developed to pattern proteins on 

surfaces. However, these techniques are expensive, cumbersome and cannot 

be easily scaled up for widespread use and large production.6 Therefore, 

more direct and easier approaches are now envisioned. Since protein 

organization after adsorption is strongly influenced by surface chemical 

composition, proteins can be directly adsorbed onto heterogeneous polymer 

thin films to obtain protein patterns. Recent reports have demonstrated that 

block copolymers could be used as protein pattern templates. Liu et al used 

diblock copolymers containing two hydrophobic blocs, namely polystyrene-

b-polyisoprene (PS-b-PI) and showed that albumin and fibronectin tend to 

adsorb selectively on PS domains. Soft PI domains would be protein 

repellent compared to hard PS domains because of the high molecular 

mobility of PI at room temperature.21, 22 PS domains also seem to be more 

favorable to protein adsorption than more hydrophilic blocks such as 

poly(methyl methacrylate) (PMMA). Kumar et al used an amphiphilic 

diblock copolymer of PS-b-PMMA to control the spatial distribution of 

fibronectin, albumin and immunoglobulin G (IgG), by using short adsorption 

times and low protein concentrations. Their results indicated that protein 

adsorption was highly favored on the PS blocks as well as on the PS/PMMA 

interfaces.23 Using a similar copolymer, Lau et al also observed that IgG 

accumulated at PS/PMMA interfaces, and mentioned that the adsorbed 
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amount on the PS/PMMA copolymer surface was not an average of the 

adsorption behavior on PS and PMMA but was enhanced with respect to 

both types of polymer surfaces.24 Matsusaki et al showed that a PS-b-PMMA 

copolymer with a 48 nm lamellar spacing could be used to align proteins 

after short adsorption times. Fibronectin, fibrinogen and γ-globulin were 

found to be forced to align on the PS domains while collagen did not show 

any preferred orientation after adsorption.25 However, it was also shown that 

collagen could be aligned on amphiphilic patterns of similar size obtained by 

a combination of electron-beam lithography and silane grafting, using longer 

adsorption times.26   

Besides the use of copolymers to obtain heterogeneous thin films, an 

even more simple method is the preparation of phase-separated polymer 

blend surfaces. While amphiphilic diblock copolymers separate into domains 

on the nanometer scale, thin films of immiscible polymer mixtures separate 

with domain sizes typically on the submicro- to micrometer scale.27 It was 

demonstrated that this type of heterogeneous surfaces could also be used to 

obtain protein patterns. Dekeyser et al investigated the organization of 

fibronectin on blends of PS and poly(methyl methacrylate) – 

poly(methacrylic acid) random copolymer (PMMA-r-PMAA). Different 

states of aggregation of adsorbed fibronectin were observed on PS and 

PMMA-r-PMAA and these behaviors were maintained on phase-separated 

samples, leading to substrates with heterogeneous protein organizations.2 

Besides, PS/PMMA blends were also studied as templates for protein 

patterning. As observed on PS-b-PMMA copolymers after short adsorption 

time, albumin was found to adsorb preferentially on PS and at PS/PMMA 

interfaces. Furthermore, by investigating longer adsorption times on those 

blends, a net loss of protein from the interfaces was observed together with a 

gain on the PMMA domains.28  

In this study, we investigate the influence of heterogeneous substrates 

on the organization of adsorbed type I collagen. The heterogeneous 

substrates were produced by phase separation in thin films of blends of PS, a 

hydrophobic polymer, and PMMA, a more hydrophilic polymer. A series of 

substrates with different morphologies, chemistries and wettabilities was 

obtained by varying the polymer concentration ratio and the solvent used for 
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thin film elaboration. The surfaces obtained before and after collagen 

adsorption were analyzed by X-ray photoelectron spectroscopy (XPS), 

atomic force microscopy (AFM) and wetting measurements. 

 

2. Materials and methods 

2.1. Preparation of thin films of PS/PMMA 

Phase-separated polymer thin films were produced by spin-coating 

(speed = 5000 rpm, acceleration = 20,000 rpm/s, time = 40 s) a 40 µl drop of 

blends of PMMA (Mw ~ 996,000 g/mol, Tg 125° C ; from Aldrich, USA) and 

PS (Mw ~ 230,000 g/mol, Mn ~ 140,000 g/mol;  from Merck, Germany) 

dissolved in a common solvent (dioxane (Fluka, Switzerland) or toluene 

(Merck, Germany)) onto a silanized glass coverslip (12 mm in diameter; 

Menzel-Glaser, Germany). The silane used for grafting the glass coverslips, 

methacryloxypropyltrimethoxysilane (MOPTMS; Gelest, Germany), was 

chosen in order to improve polymer adhesion to glass. The glass coverslips 

were cleaned by immersion for 30 min in a freshly prepared piranha solution 

(30 % H2O2:98 % H2SO4, 1:3). After that, the silanization reaction was 

performed for 4 h, using a silane concentration of 0.01M in dioxane. Finally, 

the grafted coverslips were rinsed a couple of times with ethanol and dried 

under a nitrogen flow. The obtained silanized glass was rather hydrophilic 

(water contact angle of about 30°) meaning that the amount of grafted 

MOPTMS is low but still sufficient to improve adhesion. After spin coating 

on these substrates, the thickness of the PS and PMMA films was about 40 

nm, as consistently measured by ellipsometry and by AFM (on a scratch 

produced on the film in the latter case). In order to obtain substrates having 

different morphologies, several polymer solutions containing different 

PS/PMMA ratios were prepared in either dioxane or toluene: 90/10 w/w in 

dioxane (90/10d), 30/70 w/w in dioxane (30/70d), 05/95 w/w in toluene 

(05/95t) and 30/70 w/w in toluene (30/70t). The total polymer concentration 

was always 10 g/l. Homogeneous films of PS and PMMA, prepared in the 

same conditions as stated above from solution in toluene, were also used as 

controls (pure PS (100/0t) and pure PMMA (0/100t), respectively). 
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2.2. Collagen adsorption 

Collagen from calf skin (90 % type I and 10 % type III) was 

purchased as a 4 mg/ml solution from Biochrom AG, UK. Collagen solution 

at 25 µg/ml was prepared by dilution at 4°C in phosphate buffer saline (PBS) 

(pH 7.4; PBS tablets, Invitrogen, USA) and then warmed at 37°C for 15 min 

just before proceeding to adsorption. The samples were placed in a multiwell 

tissue culture plate (12-well plate, one sample per well), 2ml of the collagen 

solution were poured into each well and the plate was incubated at 37°C for 

3 h. The samples were then rinsed with ultra-pure water (milli-Q, Millipore, 

Molsheim, France) without being withdrawn from the solution, and dried 

under nitrogen flow. 

2.3. Atomic Force Microscopy (AFM)  

The AFM analyses were performed in air and at room temperature 

with a Nanoscope IIIa multimode apparatus (Digital Instruments, Santa 

Barbara, USA) in tapping mode. The tips used were made of silicon, and had 

a spring constant comprised between 20 and 80 N/m and a resonance 

frequency in air between 212 and 319 kHz (Bruker, Palaiseau, France). The 

scan rate was about 0.6 Hz and all images were recorded in moderate 

tapping (set-point amplitude ratio, rsp= 0.6-0.8). Randomly chosen zones 

were imaged for each sample and for each zone, height and phase images 

were recorded upon scanning. All obtained images were processed with the 

Nanoscope analysis software, using either flattening or plane fit according to 

the relief characteristics, with the minimal polynomial order needed. The 

proportion of the surface occupied by the inclusions was determined using 

the “bearing analysis” function of the Nanoscope analysis software. The 

bearing analysis calculates and displays height histograms and bearing-ratio 

curves for selected areas on images. The bearing-ratio curve is the integral of 

the height histogram; it represents the fraction of data points above a 

reference plane as a function of the depth of that plane below the highest 

point.  
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2.4. X-ray Photoelectron Spectroscopy (XPS)     

The XPS analyses were performed with a Kratos Axis Ultra 

spectrometer (Kratos Analytical – Manchester – UK) equipped with a 

monochromatised aluminium X-ray source (powered at 10 mA and 15 kV). 

The pressure in the analysis chamber was about 10-6 Pa. The direction of the 

photoelectron collection was normal to the sample surface. Analysis was 

performed in the hybrid lens mode with the slot aperture, resulting in an 

analysed area of 700 µm x 300 µm. The pass energy was set at 160 eV for 

the wide scan and at 40 eV for narrow scans. In the latter conditions, the 

energy resolution gives a full width at half maximum (FWHM) of the Ag 

3d5/2 peak of a standard silver sample of about 0.9 eV. Charge stabilization 

was achieved by using the Kratos Axis device. The following sequence of 

spectra was recorded: survey spectrum, C 1s, O 1s, N 1s, Si 2p and C 1s 

again to check the stability of charging potential and the absence of 

degradation of the samples during the analysis. The binding energies were 

calculated with respect to the C-(C,H) component of the C 1s peak fixed at 

284.8 eV. Molar concentration ratios were calculated using peak areas 

normalized according to acquisition parameters and sensitivity factors 

provided by the manufacturer. Peak decomposition was achieved with the 

Casa XPS software (Casa Software Ltd, UK), after subtraction of a linear 

baseline. The results were expressed in element mole fractions, excluding 

hydrogen which is not detected by XPS. 

2.5. Water contact angle measurements  

Static water contact angles (Өw) were measured at ambient 

temperature using the sessile drop method and image analysis of the drop 

profile. The instrument, using a CCD camera and an image analysis 

processor, was purchased from Electronisch Ontwerpbureau De Boer (The 

Netherlands). The water (milli-Q, Millipore, Molsheim, France) droplet 

volume was 0.3 µl, and the contact angle was measured 5 s after the drop 

was deposited on the sample. For each sample, the reported value is the 

average of the results obtained on at least 9 droplets.  
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3. Results and discussion 

3.1. Characterization of the substrates before collagen adsorption 

Typical AFM images of the prepared PS/PMMA polymer films are 

presented in Figure 1. Different topographies were observed (see height 

images): the 30/70t and 30/70d samples present islands (with domains up to 

1 µm in length and ~8 nm in height, and domains from 150 to 450 nm in 

diameter and ~2 nm in height, respectively), the 05/95t film presents holes 

(from 50 to 150 nm in diameter and ~8 nm deep) and the 90/10d film has 

little topography. Note that pure PS and pure PMMA films show quite 

smooth topography (data not shown). Contrast was also observed on the 

phase images. For the blends 30/70t, 30/70d and 05/95t, the observed 

inclusions correspond to the one found on height images, while for the 

90/10d, a phase contrast is also recorded, showing inclusions (from 50 to 

300 nm in diameter) which were not apparent on the height image. The 

phase contrast indicates the location of PS and PMMA surface or subsurface 

areas. PS areas are indeed revealed as dark regions, with a phase shift 

smaller than for the light PMMA regions.24, 29 This may be attributed to a 

difference in adhesion between the silicon cantilever and PS or PMMA. 

From then on, PS fraction in surface or subsurface is determined for each 

blend by measuring the proportion of the surface occupied by the inclusions 

on the phase images (see Table 1). The results show that the more the PS 

content in solution increases, the more PS covers the surface. The surface 

coverage by PS is however not identical to its proportion in solution (see 

discussion below). Furthermore, the solvent used influences this surface 

coverage: for 30/70 PS /PMMA blends, the measured PS surface fraction is 

61 % in the case of toluene while it is only 36 % with dioxane. 

Static water contact angle values measured on these films are 

presented in Table 1. The values measured on pure PMMA (71°) and pure 

PS (90°) are close to those reported in the literature for these polymers27, 30 

and the contact angles measured on phase-separated thin films show 

intermediate values, which increase with the PS content of the polymer 

solution.  
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Figure 1: AFM images (2.5 x 2.5 µm²) obtained on four PS/PMMA blends. For each blend, 
height (Z=10 nm) and phase (z=10°, framed image) images are presented. Solvent and 

PS/PMMA ratio used are indicated above the corresponding images. On the phase images, PS 
areas appear in dark and PMMA areas appear in light (see text for details). Scale bars = 500 

nm. 

The surface elemental composition of the films was determined by 

XPS. The XPS survey spectra showed, as expected, only the presence of 

oxygen and carbon (data not shown). Table 1 presents the elemental 

composition of the films determined from individual spectra, expressed in 

O/C mole fraction ratio (note that less than 1 % of Si was sometimes 
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recorded on the individual spectra). On pure PS, the oxygen signal was 

below the detection limit as expected for this polymer, while for PMMA, the 

ratio was slightly lower (33 %) than the value expected based on PMMA 

stoichiometry (40 %). This difference may be mainly attributed to an 

underestimation of the proportion of oxygen, in reason of the inaccuracy of 

the sensitivity factors provided by the manufacturer, as also indicated by the 

analysis of other materials. The surface elemental composition of blend films 

is intermediate between those of the two pure polymers, and the O/C ratio is 

increasing with the PMMA content of the polymer solution. The 30/70 

PS/PMMA blends behave again differently, a higher O/C ratio being 

recorded on the one prepared from dioxane compared to the one prepared 

from toluene, in agreement with the lower PS fraction measured by AFM on 

the former compared to the latter. 

 

Table 1: Water contact angle (Өw),  XPS and AFM data for thin films of PS and PMMA 

  

The C 1s spectra recorded on the pure polymers and on the four 

PS/PMMA blends are presented in Figure 2. The C 1s peak of PS contains a 

main component which corresponds to carbon bound to carbon and/or 

hydrogen ( C- (C,H)), situated slightly below 284.8 eV due to the aromatic 

character of carbon atoms, and a shake-up peak around 292 eV due to П-П* 
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transitions in the aromatic ring. The C 1s peak of PMMA presents, as 

expected, four components31 which correspond to the different types of 

carbon atoms:  carbon bound only to carbon or hydrogen at 284.8 eV (C- 

(C,H)); carbon bound to a carbon itself bound to two oxygen atoms at 285.5 

eV ( C-(COO)); carbon singly bound to oxygen at 286.6 eV (C-O) and 

carbon involved in an ester function at 288.8 eV (O-C=O). 

 

Figure 2: C1s spectra for polymer films according to the PS/PMMA ratio in solution. (a)-(d) 
indicate different components of the pure polymers C1s spectra: C-(C,H) (a), C-COO (b), C-

O (c), O-C=O (d). The chemical structure of PS and PMMA are given in insets. 

 

 The C 1s peaks obtained for the PS/PMMA phase-separated thin 

films clearly show a contribution of both polymers which allow classifying 

them according to the importance of the components attributed to PS: 100/0 

> 90/10d > 30/70t > 30/70d > 05/95t > 0/100 (in descending order). XPS 

data have been further treated to evaluate the proportion of both polymers in 
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the surface layer probed by XPS (depth of about 10 nm). The method used 

consists in computing the PS surface fraction starting from the C and O mole 

fractions determined by XPS. If the surface is considered as made of patches 

of PS and PMMA which are thicker than the analyzed depth, and if the 

differences of density and (C+O) concentration between the two pure 

polymers are neglected, the O/C ratio measured on the blends, (O/C)exp, can 

be expressed as: 

( )
( ) exp

PMMA
exp
PS

exp
PMMA

exp
PS

exp C f1C f

O f1O f

C

O

−+
−+

≈






        [eq. 1] 

where f is the PS surface fraction, exp
PSO  and exp

PMMAO  are the oxygen 

mole fraction and exp
PSC  and exp

PMMAC  are the carbon mole fraction given by 

the XPS analysis of pure PS and pure PMMA, respectively. The computed f 

values, reported in Table 1, are in good agreement with the PS surface 

fractions calculated from AFM images.  

Contact angle values measured on phase-separated thin films (see 

Table 1) confirm that both polymers are present at the extreme surface, 

indicating that the PS fraction calculated with AFM and with XPS should 

not only be related to the subsurface. Combining these results, it appears that 

the 5/95t and 30/70d blends show a PMMA matrix with PS inclusions (pits 

and islands, respectively), while the 30/70t and 90/10d blends show a PS 

matrix with PMMA inclusions (islands and no apparent topography, 

respectively). The morphology of these films appears to fall into two 

categories: surfaces prepared from toluene with elevated PMMA phases, and 

surfaces prepared from dioxane with PS elevated phases or no topography. 

This difference can be explained by the respective solubility of the polymers 

in each of the solvents (see Supporting Information for more details 

regarding the factors affecting the morphology of these films, p134). 

The surface fraction of PS, determined by XPS and AFM, differs 

significantly from the PS fraction introduced in solution (see Table 1 for 

details and Table S-1 in Supporting Information for summary, p135). Note 

that these values can only be compared assuming similar densities for PS 

and PMMA, which is reasonable (ρPMMA~1.15 and ρPS~1.05).32 For 
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PS/PMMA blends at equilibrium in air, surface enrichment by PS would be 

expected since this would lower the surface energy. Thin films produced by 

spin coating are however not at equilibrium. The component with the highest 

solubility is then supposed to be enriched in the surface layer.33 PS is indeed 

significantly more present at the interface compared to the solution for films 

prepared with toluene. This is less clear for PMMA in the case of dioxane. 

This could again be explained by the high molecular mass of the PMMA 

used. As a longer polymer chain at the surface suffers a more severe 

conformational entropy penalty, the surface is more favorably covered by the 

component with a lower molecular mass.34  

The phase-separated thin films present intermediate hydrophobicity 

compared to pure PS and pure PMMA, as shown by their intermediate water 

contact angle values (see Table 1). These values are not linearly correlated 

with the PS fraction in surface (see Supporting Information, Figure S-1, 

p135) but seem to be linked to the hydrophobicity of the polymer forming 

the matrix. Indeed, the 90/10d and the 30/70t blends, which present a PS 

matrix, have water contact angle values (85.2° and 84.7°) closer to the one of 

pure PS, while these of 30/70d and 5/95t blends (75.5° and 74.8°, 

respectively), which present a PMMA matrix, are closer to the one of pure 

PMMA. For a chemically heterogeneous surface, the Cassie’s law predicts 

that the cosine of the water contact angle is the average of the cosines of the 

contact angles of the pure phases weighted by their respective surface 

fraction.35 In the present work, such a correlation is not observed, neither for 

toluene nor for dioxane, and whatever the size of the inclusions. This law 

however applies to regularly distributed heterogeneities of a limited size, and 

smooth and default-free surfaces, which is not the case here.  

3.2. Characterization of the substrates after collagen adsorption 

The collagen layer organization on the pure polymers and on the 

phase-separated thin films was assessed by AFM. Height tapping mode 

images of collagen adsorbed on the pure polymers are shown on Figure 3. 

The layer appears to be quite smooth on pure PMMA, with collagen 

assemblies of a few molecules, about 4 nm in height and from 300 to 600 nm 

in length. This height could be attributed to the formation of pentamers. In 
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the case of pure PS, the size and the shape of collagen assemblies appear to 

be different. Assemblies seem to be composed of several arms of ~300 nm in 

length and 10 nm in height associated together in an anchoring knot of ~20 

nm in height. These results are in good agreement with previous 

observations respectively made on PMMA18 and on PS10-12, 16, 17. It was 

shown that the key parameter of the supramolecular organization of 

adsorbed collagen layers was substrate hydrophobicity. Collagen molecules 

adsorbed on hydrophobic surfaces would interact through some segments 

with the substratum and would leave other segments protruding into the 

solution, which would be free for self-assembly with other collagen 

molecules. On hydrophilic surfaces, the rate of adsorption would be slowed 

down, leaving time for the molecules to interact with their full length with 

the substrate. Adsorbed collagen would then form a mechanically resistant 

layer of entangled molecules, which are unavailable for self-assembly with 

other collagen molecules.17  

 

Figure 3 : AFM images (5 x 2.5 µm²; z = 30 nm, height mode) obtained on (a) pure PMMA 
and (b) pure PS films after collagen adsorption. Scale bars = 500 nm. 

 

On heterogeneous PS/PMMA thin films, adsorbed collagen 

organization is different depending on the PS/PMMA ratio and the solvent 

used, as illustrated in Figure 4. On the films presenting a PMMA matrix with 

PS inclusions (05/95t and 30/70d), the height of assemblies appears to be 

smaller than the one of those observed on the films presenting a PS matrix 

with PMMA inclusions (30/70t and 90/10d).  
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Figure 4: AFM images (5 x 2.5 µm²; z = 30 nm, height mode) obtained on heterogeneous 
PS/PMMA thin films after collagen adsorption. Solvent and PS/PMMA ratio used for thin 

film preparation are indicated above each image. Scale bars = 500 nm. 

 

On the 05/95t film, which has PS inclusions with a surface coverage of about 

10 %, the size of most of the assemblies is similar to that observed on pure 

PMMA, and a few bigger assemblies (up to 1 µm in length and 15 nm in 
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height), covering ~4 % of the surface, appear to be anchored in the PS 

inclusions. It seems that these PS inclusions of 50 to 150 nm wide are too 

small to allow the formation of big assemblies such as those found on pure 

PS. In the case of the 30/70d film (30 % of PS in the surface layer), the PS 

inclusions are larger (up to 450 nm). After collagen adsorption, the PMMA 

matrix is also covered by assemblies similar than on pure PMMA, and PS 

inclusions are clearly identified as the anchoring points for the formation of 

bigger assemblies, which extend further into the PMMA matrix. Because 

these assemblies tend to bridge two inclusions, their length can be very high 

(more than 1 µm) and their height varies from ~20 nm on inclusions to 4 – 8 

nm when they reach the matrix. By comparison, the collagen layers observed 

on the heterogeneous films with a PS matrix (30/70t and 90/10d) are closer 

to those observed on pure PS, and most of the assemblies show a shape and 

size that are similar to those found on pure PS. On the 30/70t blend, these 

big assemblies clearly avoid areas corresponding to the PMMA inclusions, 

which appear to be covered by smaller assemblies, having similar sizes than 

those observed on pure PMMA. Finally, the collagen layer observed on the 

90/10d blend, which corresponds to a surface covered at 80 % by PS, is very 

similar to that observed on pure PS, but some smaller assemblies similar to 

those observed on PMMA are observed as well.  

As already demonstrated by the contact angle measurements 

combined with AFM phase images and XPS analyses on the phase-separated 

thin films, the morphology of the obtained collagen layers confirms the 

surface chemical heterogeneity of substrates, which leads to different modes 

of collagen assembly. The results also confirm that assemblies observed in 

adsorbed collagen layers are not formed in solution, prior to adsorption, but 

are built at the interface, through the assembly of free segments of adsorbed 

molecules, as previously demonstrated.11 Moreover, the longer assemblies 

obtained on the 05/95t and 30/70d films compared to the ones observed on 

the pure polymers show that the size of PS inclusions in a PMMA matrix 

could interfere with the length of the obtained assemblies. If the size of 

inclusions is below 600 nm in diameter, the assemblies usually found on PS 

(several arms of 300 nm) cannot be formed. Similarly, on the films 

presenting a PS matrix (30/70t and 90/10d), assemblies closer to those 
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observed on pure PS were found because the distance between PMMA 

inclusions is longer than 600 nm. Whatever the surface, collagen assemblies 

found on PS areas seem to have anchoring knots with a higher height than 

the rest of the assembly. Under liquid, these knots would be the anchoring 

point of collagen molecules on the PS areas, leaving free segments in the 

solution. These free segments would then be pushed along the surface plane 

by the drying step, as evidenced before.17 To enhance the observation of the 

position of these knots on the heterogeneous surfaces, a topographic Z scale 

with different colors was used, allowing specific topographic features to be 

highlighted. Figure 5 shows the adsorbed collagen organization on pure PS 

and on the 30/70d blend with the multiple colors scale. The anchoring knots 

clearly appear in blue. It seems that these knots are preferentially located at 

the interface between PS and PMMA areas rather than in the middle of the 

PS inclusions (see Figure 5b). 

 

Figure 5: AFM images (5 x 2.5 µm²; z = 30 nm, height mode) recorded after collagen 
adsorption on (a) pure polystyrene and (b) PS/PMMA 30/70d. A multiple color scale was 

used to highlight the presence and location of anchoring knots in collagen assemblies. Scale 
bars = 500 nm. 
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The nitrogen surface concentration, which is related to the detected 

amount of collagen, was determined by XPS on a series of PS/PMMA films 

after collagen adsorption. Figure 6 illustrates the influence of the PS fraction 

in the surface layer on the detected nitrogen mole fraction after collagen 

adsorption. It shows that the nitrogen surface concentration increases 

roughly linearly with the PS surface fraction, suggesting that collagen 

adsorbed amount on heterogeneous PS/PMMA surfaces can be described as 

a combination of that observed on the pure polymers. Accordingly, even if 

the phase-separated thin film presents inclusions smaller than 600 nm in 

diameter, interfering with the length of the formed collagen assemblies as 

shown above, the detected collagen amount remains a combination of the 

amounts detected after adsorption on the pure polymers, weighted by their 

respective surface coverage levels. Such a result contrasts with previous 

studies performed with other proteins on PS/PMMA heterogeneous 

surfaces.23, 24, 28  

 

Figure 6. Evolution of the nitrogen surface concentration determined by XPS after collagen 
adsorption in function of the PS surface fraction determined by XPS on PS/PMMA thin films 

before adsorption.  

 

These studies indicated that adsorbed albumin amounts found on 

heterogeneous surfaces were not an average of those found on the pure 
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polymers because of an accumulation of adsorbed proteins in the interfacial 

areas between the PS and PMMA domains. Even if preferential anchoring 

points are observed here in these interfacial areas, there is no evidence for 

the accumulation of collagen molecules at the contact lines between the 

matrix and the inclusions. This difference can be attributed to the driving 

force for adsorption, which strongly depends on the protein deformability.36 

While albumin is known to change its conformation upon adsorption to 

maximize interactions with the substrate, this is not the case for collagen in 

reason of its more rigid structure.  

Our results also differ from a previous study related to collagen 

adsorption on PS/PMMA heterogeneous surfaces.37 While we show that the 

diameter and length of collagen assemblies is modulated by the size and 

surface coverage of surface heterogeneities, these authors obtained branched 

structures on PMMA and network structures on PS. These different 

behaviors can be explained by the use of different adsorption conditions. 

Woodcock and coworkers used high concentrations, short adsorption times 

and slow drying steps, while we used low concentrations, longer adsorption 

times and fast drying steps. However, both works demonstrate that collagen 

adsorption on phase-separated thin films leads to a behavior which is 

intermediate compared to the one observed on the pure polymers. 

 

4. Conclusion 

A series of PS/PMMA heterogeneous thin films was produced by 

phase separation upon spin coating, and four interesting substrates were 

identified: substrates with PMMA inclusions in a PS matrix and conversely, 

substrates with PS inclusions in a PMMA matrix, the inclusions being either 

under the form of pits or islands, with diameters in the submicrometer range.  

These surface morphologies can be linked to the respective solubility of the 

polymers in each of the solvents and to the very high molecular mass of the 

used PMMA compared to PS. The organization of collagen layers obtained 

by adsorption on the pure polymers was different depending on the nature of 

the polymer: the layer was quite smooth with assemblies of a few molecules 

on pure PMMA, while bigger assemblies were found on pure PS. The 
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organization of collagen layers obtained by adsorption on heterogeneous thin 

films was dependent on the size of PS areas. If the PS domains, either 

surrounding or surrounded by the PMMA phase, are above 600 nm wide, the 

surface presents a heterogeneous distribution of collagen in agreement with 

observations made on pure polymers. Otherwise, longer fibrils than those 

observed on pure polymers can be formed. Besides, XPS results showed that 

the detected collagen adsorbed amount was correlated with the PS surface 

fraction. As collagen contains recognition sequences for osteoblasts, current 

experiments include the culture of such cells on the created heterogeneous 

collagen layers.  
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Supporting information material : 

NANO-ORGANIZED COLLAGEN LAYERS OBTAINED 
BY ADSORPTION ON PHASE- SEPARATED POLYMER 

THIN FILMS  
Factors affecting the phase structures of the obtained PS/PMMA 

films: 
The morphology of the obtained PS/PMMA films appears to fall into 

two categories: surfaces prepared from toluene with elevated PMMA phases, 
and surfaces prepared from dioxane with PS elevated phases or no 
topography. This difference can be explained by the respective solubility of 
the polymers in each of the solvents. Since PS and PMMA have similar glass 
transition temperatures, the less soluble phase is indeed more quickly 
depleted of the solvent and turns solid earlier than the other phase. 
Subsequent evaporation of remaining solvent leads to a further collapse of 
the more soluble phase, which is thus finally less elevated than the other 
one.38 In order to evaluate the affinity of each polymer for each solvent, the 
solubility parameter δ of the polymers and solvents can be used, a lower 
value of |δpolymer - δsolvent| indicating a better solubility. By using mean values 
for PS (δPS = 18.3 (MPa)1/2)32 and PMMA (δPMMA = 19.6 (MPa)1/2)32 , it 
appears that toluene (δtoluene = 18.2 (MPa)1/2)32 has a higher affinity for PS 
while dioxane (δdioxane = 20.5 (MPa)1/2)32 is a better solvent for PMMA (see 
Table S-1, p135), leading to PMMA and PS elevated phases in the case of 
toluene and dioxane, respectively, as was already reported in other works27, 

38. In the present study, the height of the elevated structures is different for 
films elaborated from toluene or dioxane (~8 nm for toluene compared to ~2 
nm or less in the case of dioxane). The height of elevated phases depends in 
principle on the difference between PS and PMMA solubility in the chosen 
solvent. A higher difference of solubility between both polymers for the 
solvent should indeed lead to a larger height difference between phases. The 
difference between PS and PMMA solubilities is similar in dioxane or in 
toluene (see ∆solubility in Table 2). The values of δPS and δPMMA should 
however be used with caution, since they can vary depending on the 
characteristics of the polymer used. For instance, the PMMA used in the 
present study has a very high molecular mass (Mw ~996,000), which may 
lower its solubility in both solvents. In that case, a higher height difference is 
expected between the PS and PMMA domains formed in toluene compared 
to dioxane, in agreement with the observed topographies. 

 
(1) Walheim, S.; Boltau, M.; Mlynek, J.; Krausch, G.; Steiner, U., 

Macromolecules 1997, 30, 4995-5003. 
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Table S-1.  Solubility of PS and PMMA in toluene32 and dioxane32 and summary of surface 

fractions of both polymers in the prepared thin films. See text for details. 

 
(2) Brandrup, J.; Immergut, E. H.; Grulke, E. A., Polymer handbook. 4th ed.; 

Wiley: New York, 1999. 
 

 

 

Figure S-1. Evolution of the cosine of the water angle (θw) of thin films in function of the PS 
surface fraction evaluated by XPS (solid line: Cassie’s law). Error bars show the confidence 

interval at 95 %. 
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Chapter III 

 

Improvement of preosteoblast adhesion 

through heterogeneous collagen layers 

prepared on PS/PMMA thin    (In preparation) 

 

Summary  

The aim of this work was to investigate the responses of preosteoblast 

cells (MC3T3-E1) on surfaces with chemical patterns and to study the 

impact of an adsorbed collagen layer. These chemical patterned surfaces 

were produced by phase separation in thin films of blends of polystyrene 

(PS), and poly(methyl methacrylate) (PMMA). Heterogeneous collagen 

organized layers were then obtained by collagen adsorption on these 

heterogeneous PS/PMMA films. The responses of MC3T3-E1cells to the 

bare PS, PMMA and PS/PMMA films as well as to these with collagen 

organized layers were examined after short culture times (4h and 6 days). 

Positive effects of heterogeneities (in terms of film surface chemical 

composition and collagen organization) on cell morphology, developed cell 

area and cell density were obserevd. Two main effects were revealed: (i) a 

higher cell density is always observed on heterogeneous films compared to 

the corresponding pure polymers (PS or PMMA),  (ii) the developed cell 

area on heterogeneous films is intermediate between the ones observed on 

the pure polymers. This work shows that biointerfaces with chemical 

heterogeneities or with particular collagen organizations trigger particular 

cell behaviors. It opens new perspectives for biomaterials science and tissue 

engineering. 
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1. Introduction 

The interactions between cells and solid surfaces are crucial to 

several biological phenomena and to a wide variety of biomaterials. Since 

cells are sensitive to their surroundings, the performance of biomaterials 

strongly depends on their surface properties which can have a huge influence 

on different cell behaviors such as adhesion, proliferation, migration, 

differentiation and apoptosis.1 Surface properties related to chemistry 

(composition2, crystallinity3, charge4) as well as to topography (roughness, 

pit or morphologies of surface features5-7) have long been recognized as 

critical for regulating cell functions. Since cells rest in vivo on patterned 

interfaces (the extracellular matrix is a highly structured environment), 

biomimetic studies on man-made patterned surfaces have likewise drawn 

attention. Investigations have been ma inly focused on the scale (micro- or 

nanopatterning) and on the iso- or anisotropic character of the patterned 

surfaces, with a view to induce specific cell functions.  

Polymer demixing is a simple method to create topographic and/or 

chemical surface heterogeneities. Using this technique, the morphology of 

the obtained chemical and topographic features (pits, ribbons, islands or 

even no relief) as well as their size (submicro- to micrometer scale) can be 

controlled by adjusting the proportion of the polymer and their 

concentration, and the chosen solvent. Annealed phase-separated films of 

polystyrene / polybromostyrene (PS/PBrS) showed a surface composition 

typical of pure PS with a topography composed of islands with a height on 

the nanoscale. It was demonstrated that the behavior of fibroblasts8, 

endothelial cells9 and osteoblasts differed depending on the islands height 

and cell type. Generally, a better cell spreading and cytoskeleton 

organization were observed on surfaces with the lowest islands height (13 

nm). Likewise, blends of PS and poly(n-butyl methacrylate) were used to 

produce nano-islands with a closer packing and narrower width. Fibroblasts 

were shown to produce more filopodia on small nano-islands (height of 10 

nm) and on flat control.10 Poly(l-lactic acid)/PS blends with different 

concentration ratio were used to produce chemically heterogeneous surfaces 

showing either pits or islands on the nanoscale. Osteoblast adhesion was 

shown to be stimulated by heterogeneous surfaces compared to 
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homogeneous ones, and this was more pronounced in the presence of nano-

islands compared to nanopits.5 

However, the above-cited works did not include an investigation of 

protein adsorption on the created surfaces. Cell adhesion to synthetic 

materials is mediated by extracellular matrix proteins called adhesion 

proteins (such as fibronectin, collagen, vitronectin, etc), which adsorb on the 

materials. The initial cell-material interaction is thus a complex interplay 

between surface properties, protein adsorption and protein type. 

Consequently, the effects of a particular patterned surface on cell behaviors 

are partly due to the state of organization of the underlying protein layer. 

Most of the works trying to link the state of protein organization on 

patterned surfaces and the subsequent cell behavior are dedicated to 

fibronectin11-16 while only a few studies focused on collagen.  

Type I collagen, an adhesion protein from the extracellular matrix,  is 

frequently used to coat supports for in vitro cell culture. This protein has a 

semiflexible rod-like shape of approximately 300 nm in length and 1.5 nm in 

diameter and has the ability to self-assemble. The association of five 

collagen molecules serves as a basis for the formation of microfibrils which 

can further grow into larger fibers (with a periodicity of 67 nm, ranging from 

50 nm to 500 nm wide and up to several micron long). The spatial 

distribution and aggregation states of collagen were shown to strongly affect 

cell behavior. The fibril structure of collagen has led to distinct change in 

gene expression and morphological profile. For example, different densities 

of collagen fibril can be obtained by using different substrate chemistries17 

or by varying collagen concentration in the solution from which the films 

were prepared18, 19. In both cases, it was shown that cells were more spread 

on collagen films with a lower fibril density. Collagen denaturation (by heat 

or by use of acidic condition) was also used to create collagen films without 

fibrillar structure. In the case of vascular smooth muscle cells18 and 

pulmonary stem cells20, the area of cells on denatured collagen films was 

significantly larger than that of cells on thin films of native fibrillar collagen. 

On the contrary, in the case of myoblast cells,21 a more stellate morphology 

was developed and the spreading and proliferation were faster on native 

collagen compared to cells on denatured collagen films. Furthermore, the use 
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of discontinuous collagen films prepared by adsorption followed by 

dewetting improved cell spreading and cytoskeleton organization compared 

to native continuous layers.19, 22 Until now, to our knowledge, only one work 

investigated the organization of collagen layer on chemical patterns in order 

to link its subsequent effect to cell behavior. Elliott et al.17 studied the effect 

of substrates of varying surface energy by using mixtures of OH- and CH3- 

terminated thiols on vascular smooth muscle cells morphology. Their results 

showed that the formation of large fibrils did not occur on the hydrophilic 

surfaces and mentioned a water contact angle limit of 63° below which large 

fibril assembly would not form. Cellular morphology experiment on these 

substrates showed that substrates covered with a high density of large 

collagen fibrils induce a minimally spread non-proliferative phenotype17   

In a previous study, we showed that the supramolecular organization 

of type I collagen could be modulated by its adsorption on heterogeneous 

polystyrene/poly(methyl methacrylate) (PS/PMMA) polymer thin films. A 

correlation between hydrophobicity and the formation of large fibrils was 

also highlighted. Larger fibrils were observed on PS compared to PMMA, 

PS being more hydrophobic than PMMA. On PS/PMMA films, which 

present intermediate hydrophobicity, we found that the higher the PS 

fraction in surface on the bare film, the larger the fibrils developed on the 

film. Additionally, the morphologies of the formed collagen assemblies was 

also found to be directed by the size of PS and PMMA domains of the 

heterogeneous films.23   

This study focuses on the responses of preosteoblast cells (MC3T3-

E1) to this range of collagen organized layers. General morphologies as well 

as cell areas developed by the cells were examined by immunofluorescence 

microscopy thanks to three fluorescent dyes (staining for cytoskeletons, 

nucleus and vinculin). Besides cell morphology, cell activity and cell density 

were also investigated. The aim is to evaluate the impact of collagen 

organized layers on cell responses. 
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2. Materials and methods2.1. Preparation of collagen 

organized layers on thin films of PS/PMMA 

Collagen organized layers were obtained by adsorption on 

heterogeneous substrates produced by phase separation in thin films of 

blends of polystyrene (PS), and poly(methyl methacrylate) (PMMA). The 

preparation and characterization of these films was the subject of a previous 

study.23 The preparation method and characterization technics used will be 

briefly presented in this section (For details of the procedures see 

reference23).  

2.1.1. Preparation of PS/PMMA thin films 

Phase-separated polymer thin films were produced by spin-coating 

(speed = 5000 rpm, acceleration = 20,000 rpm/s, time = 40 s) of blends of 

PMMA (Mw ~ 996,000 g/mol, Tg 125° C ; from Aldrich, USA) and PS (Mw 

~ 230,000 g/mol, Mn ~ 140,000 g/mol;  from Merck, Germany) dissolved in 

a common solvent (dioxane or toluene) onto a glass coverslip treated with 

methacryloxypropyltrimethoxysilane (MOPTMS). To obtain substrates 

having different morphologies, several polymer solutions containing 

different PS/PMMA ratios were prepared either in dioxane (90/10 w/w and 

30/70 w/w) or in toluene (30/70 w/w and 05/95 w/w). The total polymer 

concentration was always 10 g/l. Homogeneous films of PS and PMMA, 

prepared in the same conditions from solution in toluene, were also used as 

controls.  

2.1.2. Collagen adsorption 

Type I Collagen from calf skin was purchased as a 4 mg/ml solution 

from Biochrom AG, UK. Collagen solution at 25 µg/ml was prepared by 

dilution in phosphate buffer saline (PBS) (pH 7.4; PBS tablets, Invitrogen, 

USA). The samples were placed in a multiwell tissue culture plate (12-well 

plate, one sample per well), 2ml of the collagen solution were poured into 

each well and the plate was incubated at 37°C for 3 h. The samples were 

then rinsed with PBS without being withdrawn from the solution. 
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2.1.3. Techniques of surface characterization 

The surfaces obtained before and after collagen adsorption were 

analyzed by X-ray photoelectron spectroscopy (XPS), atomic force 

microscopy (AFM) and wetting measurements. 

Atomic force microscopy 

The AFM analyses were performed in air and at room temperature 

with a Nanoscope IIIa multimode apparatus  in tapping mode. The tips used 

were made of silicon, and had a spring constant comprised between 20 and 

80 N/m and a resonance frequency in air between 212 and 319 kHz (Bruker, 

Palaiseau, France). Height and phase images were recorded in moderate 

tapping and were processed with the Nanoscope analysis software.  

X-ray photoelectron spectroscopy 

The XPS analyses were performed with a Kratos Axis Ultra 

spectrometer (Kratos Analytical – Manchester – UK) equipped with a 

monochromatised aluminium X-ray source. Analysis was performed in the 

hybrid lens mode with the slot aperture, resulting in an analysed area of 700 

µm x 300 µm. The following sequence of spectra was recorded: survey 

spectrum, C 1s, O 1s, N 1s, Si 2p and C 1s again to check the stability of 

charging potential and the absence of degradation of the samples during the 

analysis.  

To determine the PS surface fraction, f, of the blend polymer films, 

molar concentrations of oxygen and carbon were calculated using O 1s and 

C1s peak areas. If the blend surface was considered as made of patches of PS 

and PMMA which are thicker than the analyzed depth, the O/C ratio 

measured on the blends, (O/C)exp, can be expressed as: 
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where f is the PS surface fraction, 
exp
PSO  and 

exp
PMMAO  are the oxygen 

mole fraction and 
exp
PSC  and 

exp
PMMAC  are the carbon mole fraction given by 

the XPS analysis of pure PS and pure PMMA, respectively.  
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Water contact angle measurements 

Static water contact angles (Өw) were measured at ambient 

temperature using the sessile drop method and image analysis of the drop 

profile. For each sample, the reported value is the average of the results 

obtained on at least 9 droplets. 

2.2. Cell experiments on the collagen organized layers 

2.2.1. Cell culture 

Osteoblast-like cells isolated from mice calvaria (cell line MC3T3-E1 

subclone 14, ATTC-CEL-2594), were cultured in α-MEM (Modified Eagle 

Medium, Invitrogen, Belgium) supplemented with 10% (v/v) fetal bovine 

serum (Harlan, Loughborough, UK), 1% sodium pyruvate (100 mM 

(Sigma)), and containing 100 U/ml  penicillin and 100 µg/ml streptomycin 

(Invitrogen), at 37°C in a fully humidified atmosphere with 5% CO2. Cells 

were removed from the culture plates by rinsing in PBS and incubating in a 

trypsin-ethylene diamine tetraacetic acid (EDTA) solution (Invitrogen). 

After trypsin inactivation with complete medium, the cells were collected 

and centrifuged for 6 min at 1000 rpm. The resulting pellet was resuspended 

in complete medium. Cells were seeded on test substrates, sterilized in 

ethanol for 30 min prior to cell inoculation,  at 25 000 cells/well in 24 multi-

wells plates.  

2.2.2. Cell response analysis 

Cell morphology 

After 4h, 1 day or 6 days of culture, substrates were washed in PBS. 

Adherent cells were fixed with paraformaldehyde solution in PBS (4% w/v) 

for 20 min and permeabilized with 0.05% (v/v) Triton X-100 solution. After 

blocking with a 1% BSA solution in PBS, cells were incubated with anti-

vinculin antibody solution (1:175) (MAB3574, Millipore). Cells were 

washed and reacted with (FITC)-conjugated secondary antibody (1:200) 

(AP124F, Millipore). To detect actin simultaneously, (TRITC)-conjugated 

phalloidin (1:400) (FAK100, Millipore) was added in the secondary 

antibody solution. Finally, the substrates were washed before being mounted 
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in Vectashield containing DAPI (Vector Laboratories, Peterborough, UK) to 

also stain the nucleus. Triple-stained cells were observed using a fluorescent 

microscope (Leica DM RA/RXA).  

Cell density and cell area 

DAPI images were used to evaluate cell density. Therefore, nucleus 

were detected and counted using the “ImageJ” software. Cell areas were 

determined based on merged images of the three stainings. Merged images 

were first treated using “ImageJ” to evaluate the total surface coverage by 

cells, which was then divided by the cell density to obtain the average cell 

area. Reported cell densities were normalized by the cell density evaluated 

on clean glass after 4 h of culture (use as a positive control), which was 

included in the experiment. Mean values and confidence intervals (95 % 

level of confidence) are reported from at least five images per test substrate. 

These statistics were calculated based on one experiment where each type of 

films was repeated 3 times. 

 Cell activity evaluation 

The alamarBlue assay was used as a measurement of cell metabolic 

activity. This assay incorporates a fluorometric growth indicator based on 

detection of metabolic activity. Specifically, the system incorporates an 

oxidation-reduction indicator that fluoresces in response to chemical 

reduction of growth medium resulting from cell growth. Cells were cultured 

for six days. Each day, the culture medium was removed and the test 

substrates were washed with PBS. 1 ml of fresh culture medium with 50 µl 

of resazurin-based solution (Sigma, TOX8-1KT) was added onto each well. 

After 4 h of reaction time, 150 µl of supernatant was transferred in a 96-well 

plate. Fluoresence was read using an excitation wavelength of 544 nm and 

an emission wavelength of 590 nm in a microplate reader (SPECTRAmax 

GEMINI XS microplate fluorometer (Molecular Devices LLC.)). The 

fluorescence value corresponding to a blank sample on which no cell 

adhered was subtracted, and the obtained value was then normalized by the 

fluorescence intensity obtained with a positive control substrate, clean glass 

which was included in each experiment. The results correspond to the mean 



Chapter III 

155 
 

and standard deviation calculated on the basis of one experiment where each 

type of films was repeated three times. 

 

3. Results3.1. Characterization of the films before and after 

collagen adsorption  

Four PS/PMMA heterogeneous surfaces were obtained by phase 

separation in thin films by varying either the solvent or the polymer ratio of 

the polymer solutions. An overview of their surface properties is given in 

Figure 1. On the films characterized before collagen adsorption, four distinct 

PS surface fractions determined by XPS (PSXPS) were obtained, ranging from 

16% to 79%. AFM height images show that these films present a weak 

topography: 8 nm in height, 2 nm in height and almost flat, for PSXPS of 61% 

or 16%, 36% and 79%, respectively. The contrast recorded on the AFM 

images in phase mode indicates the location of PS and PMMA surface or 

subsurface areas. PS areas are indeed revealed as dark regions, with a 

smaller phase shift compared to PMMA regions, which appear in lighter 

color. The films presenting 16% and 36% of PS are made of a PMMA 

matrix with PS inclusions in the form of pits or islands, respectively. The 

films presenting 61% and 79% of PS display a PS matrix with PMMA 

inclusions in the form of islands or presenting no apparent topography, 

respectively. Static water contact angle of these phase-separated films show 

intermediate values compared to the pure PMMA and PS films, and these 

values increase with the PS fraction in surface. A more detailed examination 

and discussion of the surface morphology of similar films was published 

previously.23  

These four phase-separated films along with the pure PS and PMMA 

films were then characterized after collagen adsorption by AFM in height 

mode (Figure 1). The collagen layer appears to be quite smooth on PMMA, 

with isolated collagen molecules and assemblies of a few molecules, while 

the collagen assemblies found on PS seem to be composed of several arms 

associated together in an anchoring knot. On heterogeneous PS/PMMA  
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Figure 1: Characterization of the demixed polymer films before collagen adsorption (polymer 
ratios, solvents, PS fractions in solution (PSsolution), PS fraction in surface determined by XPS 
(PSXPS), water contact angle (θw), AFM height images (1.25 x 2.5 µm², z =10 nm) and phase 

images (1.25 x 2.5 µm², z = 10°; surrounded by solid line)), and after collagen adsorption 
(AFM height images (2.5 x 2.5 µm², z =30 nm)). White scale bar represents 1µm. 
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films, adsorbed collagen organization seem to depend on the polymer 

forming the matrix (PS or PMMA) and on the size of the PS domains. On 

the films presenting a PMMA matrix with PS inclusions (films with PSXPS of 

16% and of 36%), the assemblies height appears to be smaller and their 

length longer compared to those observed on pure PS. This is probably 

because the PS inclusions of these films are too small to allow the formation 

of similar fibrils to those obtained on pure PS. On the films presenting a PS 

matrix with PMMA inclusions (films with PSXPS of 61% and of 79%), 

assemblies closer to those observed on pure PS were found. In these films, 

the PS domains are large enough to allow the formation of pure PS fibrils. 

3.2. Cell behavior on the tested films 

MC3T3-E1 osteoblast-like cells were cultured on pure PS and 

PMMA films, and on four other heterogeneous films presenting similar 

morphologies than those above-characterized. In this case, a PSXPS of 15%, 

21%, 64% and 78% was calculated for these films which will be named as 

15%PS, 21%PS, 64%PS and 78%PS, hereafter. MC3T3-E1 cells were 

cultured for 4 h, 1 day and 6 days.  

Figure 2 shows the morphologies adopted by the cells on some of 

these films and on glass (used as a positive control), without collagen 

coating, after 4 h and 6 days of culture. After 4 h of culture, many cells have 

already spread on glass while only a few cells with small spreading are 

found on the polymer films. More cells were found on pure PMMA and on 

the 15%PS film. On PS, only a few extremely rounded cells, with almost no 

indication of cell attachment to the surface, were present. After 6 days of 

culture, cells nearly reach confluence on glass and develop a higher area. On 

the polymer films, a lot of cells are now observed on pure PMMA and on 

15%PS, with more cells with larger spreading on PMMA and rather 

elongated cells on 15%PS. Again, only a few apoptotic cells were observed 

on pure PS. Finally, a small number of cells is observed on the 78%PS film, 

with an elongated and poorly spread shape. 
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Figure 2: Actin (red), vinculin (green) and nucleus (blue) staining for MC3T3-E1 cells 
cultured for 4 h and 6 days, on glass, pure PMMA, pure PS and on two heterogeneous 

polymer films. The substrates were not coated with collagen prior to cell seeding (scale bar = 
100 µm).  
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Figure 3 presents representative photographs of the morphologies 

displayed by the cells on the different polymer films and on glass which 

were conditioned by collagen adsorption before cells inoculation. After 4 h 

of culture, the morphologies observed on glass are similar to the ones 

observed without collagen conditioning, and cell spreading seems more 

important. On PMMA and on 15%PS, the morphologies are also similar but 

densities seem higher compared to Figure 2. In contrast to these films, the 

morphologies observed on pure PS and on 78%PS are completely different 

from the ones observed on polymer films in absence of collagen. The cells 

are here more spread compared to films without collagen. Cell shape of 

78%PS is closer to the one observed on pure PS, with however a stronger 

elongation. After 6 days of culture, cells mainly adopt well-spread rounded-

shape on glass. On pure PMMA and on 15%PS films, large spread cells with 

round shapes are observed along with more cells with more elongated 

shapes. On pure PS and on 78%PS, cells developed elongated shapes with a 

less spread cell area.  

Cell densities and cell areas were quantified after 4 h, 1 day and 6 

days of culture as shown in Figure 4.  After 4 h of culture, cell densities are 

much higher on polymer films with collagen coatings than on those without, 

and are generally significantly higher on heterogeneous PS/PMMA 

substrates compared to pure polymer films (Figure 4A). The corresponding 

average cell areas are presented in Figure 4B. In the case of a pure PMMA, 

cell areas are similar with and without collagen coatings, while in the case of 

pure PS, a strong increase is observed in presence of collagen. Cell areas 

developed on heterogeneous films are intermediate between those exhibited 

on the pure PS and PMMA films. We then observe a trend which seems to 

be linked to the PS content in the films: in the case of collagen coating, the 

more the film contains PS, the more the cell is spread. When there is no 

collagen coating, the reverse tendency is found. After 6 days of culture, the 

densities obtained on films with or without collagen coating are generally 

similar. The corresponding cell areas are generally higher on films with 

collagen coatings, and for both cases, the more PMMA the film contains,  
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Figure 3: Actin (red), vinculin (green) and nucleus (blue) staining for MC3T3-E1 cells 
cultured for 4 h and 6 days on glass, pure PMMA, pure PS and on two heterogeneous polymer 

films. The substrates were coated with collagen prior to cell seeding (scale bar = 100 µm). 
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Figure 4: MC3T3-E1 cell density (A) and cell area (B) after 4 h, 1 day and 6 days of cell 
culture on pure PMMA (0%) and PS (100%), and on 4 heterogeneous polymer films (15%, 
21%, 64% and 78%). The grey and black bars refer to substrate that were previously treated 

with collagen or not, respectively. Error bars report confidence intervals (95 % level of 
confidence).   Statistical significance assessed by Student-t test is shown as * (p < 0.01) when 

compared with PMMA control and # (p < 0.01) when compared with PS control. 
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the more cells are spread. After 1 day of culture, the observed quantified cell 

densities and cell areas seem to be intermediate compare to 4 h and 6 days of 

incubation (note that no data are available for substrate without collagen).  

Cell metabolic activity on films without collagen coating after 1, 3 

and 6 days of culture is presented in Figure 5A. After the first day of culture, 

the cell activity is very high on pure PMMA (close to that observed on glass 

control, as indicated by the value close to 100%). As deduced from 

microscope observations (no cell adhesion), the fluorescence recorded on 

pure PS can be considered as a background signal coming from cells 

developing outside of the sample in the multiwell plate. That fluorescence 

value was then considered as a blank which was subtracted from all other 

samples. On heterogeneous films, cell activity is high on films with a 

PMMA matrix (15%PS and 21%PS) and very low on films with a PS matrix 

(64%PS and 78%PS). After 3 and 6 days of cell incubation, cell activity 

decreases on all films. Figure 5B presents cell activity on polymer films 

which are coated with collagen prior to cell seeding. After 1 day of 

incubation, cell activity is very high on pure polymer films and on 15%PS 

and 78%PS films, and lower on the 21%PS and 64%PS films. After 3 and 6 

days of culture, cell activity was generally similar in all cases. A lower value 

is still reached after 6 days of culture on PS78%.           

         

 

Figure 5: MC3T3-E1 cell metabolic activity as determined by alamar blue assay on pure 
PMMA, pure PS and on heterogeneous PS/PMMA films after 1 day (white bars), 3 days (grey 

bars) and 6 days (black bars) of culture. (A) Films without collagen coating prior to cell 
inoculation, (B) films conditioned with a collagen coating prior to cell inoculation. The errors 

bars show the standard deviation (n=3). 
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4. Discussion  

4.1. MC3T3-E1 osteoblast-like cell line on bare polymer films 

(without collagen layer) 

Without precoating of collagen, MC3T3-E1 cells were shown to 

attach very poorly on polymer films (either on homogeneous or 

heterogeneous films) compared to glass ones. Even if the attachment is 

weak, we saw it is still possible for cells to further adhere on the surface in 

absence of an adhesion protein coating before cell incubation. This is not 

surprising since cells are able to produce their own adhesion proteins. 

Furthermore, culture was realized in a serum conditioning medium which 

contains proteins, including adhesive ones. The presence of serum can also 

explain the poor cell adhesion observed on PS films. Albumin, which is 

abundant in serum, is a small protein which adsorbs quickly. Later, a 

competition for adsorption will occur between albumin and other proteins, 

which will rather turn in favor of adhesive proteins on hydrophilic surfaces, 

but in favor of albumin on hydrophobic surfaces.24 For this reason, cells 

usually do not adhere very well on hydrophobic surface in presence of 

serum, since the surface remains mainly covered by albumin, which does not 

provide adhesion signals to the cells.19, 22, 25, 26  

Surface wettability is one of the most important factors determining 

cell adhesion. It was reported in the literature that cells adhere well on 

moderately wettable surfaces, with a water contact angles of 40° to 60°, 

depending on the conditions, cell types, etc.26-28 In the present work, the 

elaborated thin polymer films have water contact angle values above 70°, 

which can explain why cell attachment is so poor compared to glass. 

However surface wettability is not the sole factor influencing cell behavior, 

and both roughness and surface chemistry were shown to play an important 

role, quite independent of wettability.29, 30 For example, air-plasma-treated 

glass (PTG) and air-plasma treated quartz (PTQ) presented the same surface 

wettability but adhesion of osteoblast cells was clearly higher on PTQ 

compared to PTG.29 The cause of the attachment preference for the quartz 

surface chemistry remains unsolved.  
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In this work, the elaborated PS/PMMA film surfaces present 

chemical heterogeneities along with a slight topographic contrast (depth of 

pits or height of islands are ~0-8 nm). This topographic contrast should not 

be considered as insignificant since it was clearly demonstrated that cell 

adhesion can be influenced by surface features as small as 10 nm.31 The 

influence of topography generated by polymer demixing on cell behavior 

was also highlighted. Using PS/PBrS blends and annealing, a series of films 

of homogeneous chemical composition presenting islands of different height, 

was produced. It was demonstrated that fibroblast adhesion and focal 

adhesion formation were greater on 13 nm high islands but lower on 95 nm 

high islands, than on planar PS control.8 Another study showed that 9 to 29 

nm scale (in depth or height) nanopits or nanoislands produced using PS and 

poly(L-lactic acid) (PLLA) phase separation induced greater human foetal 

osteoblastic (hFOB) cell adhesion than did flat PLLA control.5  Furthermore, 

the cell line was shown to respond differently to these topographies. Rat 

calvarial osteoblast cells32 were seen to adhere to all surface in the same 

way, while hFOB6 adhesion and bone cell differentiation were stimulated 

significantly on 11 nm high islands compared to 85 nm islands or flat PS. It 

was suggested that primary cultured rat calvarial bone cells could have 

intrinsically less ability of adhesion and proliferation and thus minimal 

variation with respect to substratum surface characteristics relative to a 

readily proliferating hFOB cell line.6  

In our case, after 4 h, we observe a significantly higher cell density on 

the heterogeneous films (except for the 78%PS) compared to pure polymer, 

and a maximum seems to be reached for films presenting a PMMA matrix 

(15%PS and 21%PS). This effect seems then to be only correlated with the 

chemical heterogeneities of the surfaces as different cell densities were 

observed for the same topographic contrast (e.g. pits depth of 8 nm for the 

15%PS film and islands height of 8 nm for the 64%PS film). Additionally, 

cell response in terms of density seems to be linked to the PMMA content of 

the heterogeneous films and is thus not a simple linear combination of 

responses observed on pure polymer films. The higher density is then 

reached on heterogeneous films presenting a high PMMA content (15%PS). 

In contrast to cell density, cell spreading appears to be similar for most of 
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films and is lower on PS and 78%PS films. The cell response, here, would be 

linked to the PS content of the films, the higher the PS content, the lower 

cells spread.    

After 6 days, we observed that cell proliferation was still possible on 

these polymer films, even if the initial attachment was poor. The cell 

densities on pure PMMA, and on polymer films with a PMMA matrix 

(15%PS and 21%PS films) are significantly higher than those observed on 

pure PS and on films with a PS matrix (64%PS and 78%PS films), and are 

actually higher than on the positive control (glass). The highest density is 

again observed on heterogeneous film with a high PMMA content (15%PS).  

 

4.2. MC3T3-E1 osteoblast-like cell line on polymer films 

conditioned with a collagen layer 

After 4 h of culture on the substrates treated with a collagen layer 

prior to cell seeding, the MC3T3-E1 adhesion is clearly higher than on 

substrates without collagen layer, and the densities observed on 

heterogeneous films are significantly higher than on the pure polymer films 

and on the positive control (glass). As it was observed on films without 

collagen coating, cell density is positively affected by heterogeneous films, 

but, here a clear optimum was not observed. Regarding cell spreading,  as 

observed on films without collagen coating, cell responses is also linked to 

the PS content of the films, but cell areas are higher and the shape and trend 

are inverted compared to films without collagen coating. Cell spreading is 

similar on pure PMMA in absence or presence of a collagen coating, but 

larger on pure PS after collagen conditioning. An intermediate behavior is 

observed on heterogeneous films. After 6 days, cell density becomes lower 

than that observed on films without collagen coating. The developed cell 

areas remain higher on collagen coated films but the shape and trend are now 

similar to those without coating. This inversion in the trend between 4 h and 

6 days to finally be similar to films without coating would suggest that 

collagen layers would not be stable after 6 days in culture medium and 

would reorganize in a layer close to that observed on films without collagen. 
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Cells are continuously synthesizing and excreting proteins and other ECM 

constituents which can, associated with proteins and serum conditioning 

medium constituents, clearly modify the protein layer present on the surface 

at the very beginning of the cell culture.  

While the average cell area, after 4 h, is similar on PS and glass (data 

not shown), the developed shapes are very different. The cells are flattened 

with a nearly rounded shape to semi-rounded on glass and they are more 

stellate on PS films. The cell morphology is indicative of the function 

developed by the cell. Stellate shapes indicate motility while rounded 

flattened cell with clear developed focal contact implies proliferation. 

Consequently, cells developing a stellate shape do not easily reach 

confluence.8, 33 Here on PS, cells have indeed not reached confluence yet 

after 6 days of culture while in the case of glass without collagen coating, the 

confluence is nearly reached. This could be explained by an inhibition of 

proliferation induced by the underlying collagen pattern. After 6 days, we 

can also observe that several cells are widely spread with a rounded shape, 

developing clear focal contacts (as seen on the vinculin staining) on pure 

PMMA and 15%PS films. This means that cells would be ready to 

proliferate on those substrates.   

Collagen organization certainly influences cell morphology, density 

and spreading either by modifying the exposure of ligands available for cells 

or by offering different mechanical environment for cells. In a previous 

study, it was shown that large fibrils as well as collagen monomers or 

smaller assemblies induced cell attachment to the substrate by means of the 

same integrins (α1β1 and α2β1).34  However, the activity of other cell 

receptors for collagen, including the discoidin receptor, was only detected on 

fibrillar collagen.35 Moreover, it has been shown that different types of 

collagen organization (fibrils vs monomers) generated layers with different 

mechanical properties: on PMMA, the collagen layer would be more 

compact, less compressible, and more mechanically resistant than on PS, 

where collagen appeared to form a stable but still flexible matrix.36 Both 

explanations, or their combination, could potentially explain why cell 

behaviors strongly vary with collagen organization. 
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5. Conclusion 

The impact of bare and collagen-coated PS/PMMA films on cell 

behavior, after short culture times (4 h and 6 days), was investigated. 

Collagen adsorption prior to cell inoculation was shown to affect cell 

behavior mainly after 4 h. A longer culture time (6 days) would induce a 

reorganization of the protein layer, which would lead to protein layers giving 

similar cues to the cells in absence or presence of collagen precoating. 

Moreover, two other effects were revealed, both in absence or presence of 

collagen precoating and whatever the culture duration. First, the developed 

cell area on heterogeneous films is a linear contribution of the behaviors 

observed on the pure polymers. Cell areas were always higher on collagen-

coated homogeneous films (on PS after 4 h and on PMMA after 6 days). 

Secondly, cell density is positively affected by the heterogeneity of the 

surface, a higher cell density being observed on heterogeneous films 

compared to the corresponding pure polymers. The highest cell density was 

always obtained on heterogeneous films (any PS/PMMA films with collagen 

after 4 h and on 15%PS and 21%PS without collagen after 6 days). This 

work emphasizes the importance of the study of adsorbed proteins on 

chemically heterogeneous surfaces. Their organization is here identified as a 

crucial factor, which could be controlled by the underlying surface chemical 

composition. These results also suggest that MC3T3-E1 cells are sensitive to 

heterogeneities (in term of surface chemical composition and collagen 

organization). It is then tempting to speculate that these cells may also rely 

on this kind of stimuli for differentiation. The challenge now is to investigate 

longer term responses such as cell differentiation, as well as responses of 

other osteoblast cell lines on these types of cues.  
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Appendix 1 

 

A rough morphology of the adsorbed 

fibronectin layers favors adhesion of 

neuronal cells  

 

Summary 

range of substrates made of polystyrene (PS) and poly(methyl 

methacrylate)–poly(methacrylic acid) copolymer (PMMA–PMAA) 

containing 98 and 80% PMMA (PA98, PA80) and presenting a 

homogeneous or a patterned surface were used to study fibronectin 

adsorption and neuronal cell behavior. Fibronectin adsorption showed weak 

differences regarding the adsorbed amount (evaluated by XPS), but large 

differences in adsorbed layer morphology as observed by AFM. A fine 

granular morphology, with dimensions up to 8 nm height and 50–150 nm 

width, was observed on top of a thin adsorbed layer in the case of PS, PA98, 

and of a surface made of nanoscale inclusions of the latter in PS. In contrast, 

the layer adsorbed on PA80, which carries more ionizable groups, showed a 

higher roughness on the PA80 zones with differences in height up to 30 nm 

and characteristic lateral dimensions of 400 nm. On substrates of the former 

category, the cells formed large clusters, revealing poor interactions with the 

substrate. On PA80, the cells formed large networks with only a few small 

clusters. The adsorbed layer roughness, resulting from aggregation of 

fibronectin upon adsorption and from the substrate surface chemical 

composition, is responsible for neuronal cell spreading and growth. Its effect 

is not prevented by the presence of inclusions (<30% of the surface) 
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responsible for smoother areas of adsorbed fibronectin and for protrusions 

below 40 nm. 
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Abstract: A range of substrates made of polystyrene (PS)
and poly(methyl methacrylate)–poly(methacrylic acid) co-
polymer (PMMA–PMAA) containing 98 and 80% PMMA
(PA98, PA80) and presenting a homogeneous or a pat-
terned surface were used to study fibronectin adsorption
and neuronal cell behavior. Fibronectin adsorption showed
weak differences regarding the adsorbed amount (eval-
uated by XPS), but large differences in adsorbed layer
morphology as observed by AFM. A fine granular mor-
phology, with dimensions up to 8 nm height and 50–150 nm
width, was observed on top of a thin adsorbed layer in the
case of PS, PA98, and of a surface made of nanoscale
inclusions of the latter in PS. In contrast, the layer
adsorbed on PA80, which carries more ionizable groups,
showed a higher roughness on the PA80 zones with differ-

ences in height up to 30 nm and characteristic lateral
dimensions of 400 nm. On substrates of the former category,
the cells formed large clusters, revealing poor interactions
with the substrate. On PA80, the cells formed large networks
with only a few small clusters. The adsorbed layer roughness,
resulting from aggregation of fibronectin upon adsorption
and from the substrate surface chemical composition, is re-
sponsible for neuronal cell spreading and growth. Its effect is
not prevented by the presence of inclusions (< 30% of the sur-
face) responsible for smoother areas of adsorbed fibronectin
and for protrusions below 40 nm. � 2007 Wiley Periodicals,
Inc. J Biomed Mater Res 87A: 116–128, 2008

Key words: fibronectin; protein adsorption; neuronal cells;
cell adhesion; patterned surfaces

INTRODUCTION

Protein adsorption is one of the first events to
occur when a foreign surface comes into contact
with biological systems.1 Certain proteins, frequently
called adhesion proteins, can direct cell attachment,
spreading, proliferation, orientation, migration, and
differentiation when present at the substrate surface.
Chemical or topographical trails on the substrate or
heterogeneities in the protein layer itself are used to
direct the cell behavior.2 At the supracellular scale,
selective adsorption of proteins (fibronectin or colla-
gen) on lanes of oxidized polystyrene caused selec-

tive adhesion of Schwann cells, PC 12 cells and
hepatocytes.3 Grooved poly(methyl methacrylate)
(PMMA) preconditioned with collagen caused the
orientation of fibroblasts along the grooves.4 On pat-
terns made by combining topography and chemical
contrast, neurites aligned preferentially on vitronec-
tin tracks perpendicular to shallow grooves (50 nm),
but aligned increasingly along grooves with increas-
ing depth (up to 6 lm).5 At the cellular scale, adhe-
sive patterns of different sizes were created in a non-
adhesive matrix. Apoptosis was reduced with in-
creasing diameter of fibronectin-coated islands.
However, for very small islands (5 lm diameter), the
cells were able to grow by creating specific interac-
tions with several islands.6 At the nanometer scale,
the influence of the heterogeneity created in a
collagen layer was studied on endothelial cells: dis-
continuous collagen networks clearly enhanced cell
spreading and cytoskeleton organization.7,8

Proteins may undergo changes in conformation
upon adsorption.2,9 Fibronectin attaches with a
higher affinity to hydrophobic surfaces, and is much
more firmly adsorbed.10 By using antibodies against
fibronectin, it was shown11,12 that the conformation
after adsorption was influenced by substrate surface
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hydrophobicity and that the absence of antibody
binding was related to the lack of cell attachment.
Cell culture experiments showed selective adhe-
sion11–14 or differentiation15 on fibronectin-coated
hydrophilic surfaces. A study16 was realized on poly-
sulfone surfaces fabricated with different poly(ethyl-
ene glycol) densities, resulting in different water
contact angles. After fibronectin conditioning, fibro-
blasts showed enhanced adhesion and spreading,
well expressed focal adhesion and reorganization of
the fibronectin layer on surfaces with intermediate
contact angles (comprised between 508 and 708).

A simple method to obtain topographic and/or
chemical surface heterogeneity is polymer demix-
ing.17 Using this technique, different surface mor-
phologies can be obtained.18–21 The size (50 nm–
2 lm wide, 1–50 nm high)22 and shape of surface
features (pits, hills, or even no relief)23,24 are modu-
lated by carefully choosing the polymers and the
conditions used. By demixing of polystyrene (PS)
and poly(4-bromostyrene), surfaces were produced
with hills of a controlled height (13, 35, and 95 nm)
and a homogeneous composition consisting of PS af-
ter annealing. The behavior of endothelial cells,25

fibroblasts,26,27 and osteoblasts28,29 differed depend-
ing on the hill height and the cell type. Generally, a
better cell spreading and cytoskeleton organization
was observed on surfaces with the lowest hill height
(13 nm height). Fibroblasts grown on a surface pro-
duced by poly(n-butyl methacrylate)-PS demixing
also attached, spread, and developed better on the
smooth control and on the surface with the smaller
hills (10 nm, compared with 50 nm).30 A comparison
of hills and pits made on surfaces produced by
varying the poly(L-lactic acid)/PS ratio31 showed a
stimulation of osteoblast adhesion on nanotextured
surfaces, which was more distinct for nanohills, rela-
tive to nanopits. Fibroblasts grown on PS–PMMA,
differing in hill dimensions, spread more on surfaces
with smaller lateral dimensions and on smooth sur-
faces.22 However, protein adsorption was not investi-
gated on these surfaces.

Directing the growth of neurons would permit a
better understanding of neurite formation and of
interactions with the ECM (extracellular matrix) pro-
teins, and would facilitate the study of neuron prop-
erties such as cell–cell communication and electrical
activity.32,33 In the field of nerve repair, a better con-
trol of neuronal growth could lead to improved im-
plantation of ‘‘biomaterial bridging surfaces’’ with
immobilized ECM proteins.34 Fibronectin is a widely
expressed ECM component that may regulate cell
migration, neurite outgrowth, and possibly cell pro-
liferation during development, but also nerve regen-
eration after injury.35

The present work concerns the study of cell
behavior on demixed polymer surfaces with

adsorbed fibronectin. Copolymers containing poly
(methacrylic acid) (PMAA) were chosen in order to
facilitate chemical grafting in later works. Spin-coat-
ing of a random copolymer PMMA–PMAA (98%
PMMA) on a PS substrate gave a flat surface with
PMMA–PMAA inclusions in a PS surface.23 Spin-
coating of a blend of PS and PMMA–PMAA (80%
PMMA) on an inert substrate gave islands of PS in a
PMMA–PMAA surface.24 These two heterogeneous
surfaces, with the more hydrophobic polymer cover-
ing the largest or the smallest portion of the surface,
are examined regarding fibronectin adsorption, and
compared with the corresponding flat homogeneous
surfaces. Finally, the behavior of mouse cortical neu-
rons is studied on both heterogeneous and homoge-
neous surfaces.

MATERIALS AND METHODS

Substrate preparation

The substrate preparation was described in detail else-
where23,24 and is summarized here. Two different types of
supports (diameter 12 mm) were used for spin-coating: PS
disks (PSf) punched from a PS film (Goodfellow, UK) and
disks of PMMA punched from homemade films of PMMA
(Mw 5 996,000, Aldrich), with a high molar mass in order
to avoid dissolution during spin-coating. Before use, the
disks were cleaned by sonication in isopropanol (PSf) or in
water (PMMA). Substrates were prepared by spin-coating
40 lL of a given polymer solution (40 s, acceleration 20,000
rpm/s, speed 5000 rpm) on a given support as follows:
PA98/PS, spin-coating a PSf disk with a 10 g/L PMMA–
PMAA (98% PMMA; random copolymer, Mw 5 34,000,
Aldrich) solution in chlorobenzene; PA98, spin-coating a
PMMA disk with a solution of 10 g/L of PMMA–PMAA
(98% PMMA) in chlorobenzene; PS-PA80, spin-coating a
PMMA disk with a solution of 3 g/L PS (Mw 5 230,000,
Merck, Germany) and 7 g/L PMMA–PMAA (80% PMMA;
random copolymer, Mw of about 106, Polysciences) in diox-
ane; PA80, spin-coating a PMMA disk with a solution of
10 mg/mL PMMA–PMAA (80% PMMA) in dioxane; PSs,
spin-coating a PMMA disk with a solution of 10 mg/mL
PS in dioxane.

Fibronectin adsorption

Procedure

Lyophilized fibronectin from bovine plasma was pur-
chased from Invitrogen (USA). The powder was dissolved
in 1 mL Milli-Q water (Millipore, Molsheim, France) in
order to achieve a concentration of 1 mg/mL. This stock
solution was aliquoted and stored at 2208C. The solutions
were prepared just before use by dilution of the stock solu-
tion using PBS (phosphate buffered saline at pH 7.2). The
substrates were placed in a multiwell plate (1 sample per
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well), 1.8 mL of the fibronectin solution was added in each
well, and the plate was incubated at 378C for 24 h. The
samples were washed five times using the following pro-
cedure: 0.8 mL of the solution was removed, 3 mL Milli-Q
water was added, the plate was placed under agitation for
5 min; for the subsequent washes, 3 mL solution was
removed and replaced by 3 mL Milli-Q water. The sam-
ples were then dried under nitrogen flow.

Characterization

The samples were imaged by Atomic Force Microscopy
(Nanoscope III, Digital instruments, Santa Barbara) at
room temperature, in contact mode for the polymer sam-
ples and in tapping mode for the samples conditioned
with fibronectin. For the contact mode, realized under
Milli-Q water, the tip used was made of Si3N4, had a typi-
cal spring constant of 0.01 N/m and a typical radius of
curvature of 20 nm (Park Scientific Instruments, Mountain
View). The scan rate was about 5 Hz and the applied force
was the minimal value allowing to keep the contact
between tip and sample. At least four images in height
mode (trace and retrace) were recorded per sample. For
the tapping mode, realized in air, the tip used was made
of silicon, and it had a spring constant comprised between
20 and 80 N/m and a resonance frequency in air between
230 and 410 kHz (Park Scientific Instruments, Mountain
View). The images were acquired at a scanning rate of
about 1 Hz. Two randomly chosen zones were imaged per
sample and for each zone a height image (trace) and a
phase image (retrace) were recorded. All obtained images
were processed with the Nanoscope software, using either
flattening or plane fit according to the relief characteristics,
with the minimal polynomial order needed.

XPS analyses were performed using a Kratos Axis
Ultra spectrometer (Kratos Analytical, Manchester, UK)
equipped with a monochromatized aluminum X-ray
source (powered at 10 mA and 15 kV). The samples were
fixed on a stainless steel multispecimen holder by using
double-sided insulating tape. The pressure in the analysis
chamber was about 1026 Pa. The angle between the nor-
mal to the sample surface and the direction of photoelec-
tron collection was 08. Analysis was performed in the
hybrid lens mode with the slot aperture, the resulting ana-
lyzed area being 700 lm 3 300 lm. The pass energy was
set at 160 eV for the wide scan and 40 eV for narrow
scans. In the latter conditions, the full width at half maxi-
mum (FWHM) of the Ag3d5/2 peak of a standard silver
sample was about 0.9 eV. Charge stabilization was
achieved by using the Kratos Axis device. The following
sequence of spectra was recorded: survey spectrum, C1s,
O1s, N1s, and C1s again to check for charge stability as a
function of time and the absence of degradation of the
sample during the analyses. The C��(C,H) component of
the C1s peak of carbon was fixed to 284.8 eV to set the
binding energy scale. Molar concentration ratios were cal-
culated using peak areas normalized on the basis of acqui-
sition parameters after a linear background subtraction,
and experimental sensitivity factors and transmission fac-
tors provided by the manufacturer. The results were

expressed in element mole fractions, excluding hydrogen
which is not detected by XPS.

Cell culture

Cell preparation

All animal housing and procedures were performed in
compliance with guidelines established by the University
Committee of Animal Resources at the University of Roch-
ester. Under a dissecting scope, the brain of an E15 mouse
embryo was harvested, from which the cortices were iso-
lated, meninges removed and clean cortices then placed in
a conical tube containing cold HBSS (Hank’s Balanced Salt
Solution, modified without Calcium and Magnesium,
Gibco). HBSS was removed and replaced with 2 mL of
pre-warmed 0.25% trypsin-EDTA (0.25% Trypsin, 1 mM
EDTA in HBSS without calcium and magnesium, Gibco).
The tube was placed at room temperature and gently
agitated every 5 min for up to 20 min. Then the trypsin so-
lution was removed and cold MEM (Minimum Essential
Medium, Gibco) was added. The cortices were allowed to
sit in MEM at room temperature for 5 min; this exchange
was repeated three times. The plating medium was pre-
pared as follows: 100 mL Neurobasal Medium (Gibco),
1 mL L-glutamic acid (2.5 mM, Sigma), 250 lL L-glutamine
(200 mM, Sigma), 2 mL B-27 supplement (Gibco). 20 mL of
plating medium was added and the cortices were tritu-
rated until most of the tissue was dissociated. The conical
tube was allowed to sit for 5 min, then the sediment was
removed. The cells were counted and the suspension was
diluted with plating medium in order to obtain a concen-
tration of 5 3 104 cells/well.

Adhesion tests

A solution of poly(ethyleneimine) (PEI) was prepared
by diluting 1 mL of PEI (Sigma, 50% w/v in water) in
500 mL borate buffer (pH 8.5). This solution was filtered
into a sterile bottle and 0.4 mL was introduced in each
well of a 24-well sterile plate (Corning). After one night in
the dark, the PEI solution was removed and the wells
were washed three times with 1 mL sterile Milli-Q water,
the third wash lasting for 10 min. The plates were allowed
to dry overnight. PEI coating of the wells was used in
order to avoid migration of the cells from wells to sam-
ples, hence increasing excessively the cell concentration on
the samples.

The substrates (each disk cut into four pieces) were
sterilized in pure ethanol for 30 min in multiwell plates.
After ethanol removal, the samples were allowed to dry in
the open air. The substrates were conditioned as described
for fibronectin adsorption except that the fibronectin solu-
tion was prepared with sterile PBS (Invitrogen). After the
five washes, they were placed in PEI-coated multiwell
plates, then about 1 mL of Neurobasal Medium (Gibco)
was added and the plate was warmed up at 378C. Once
the cell suspension was ready, the Neurobasal Medium
was removed and 0.8 mL of the cell suspension was added
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per well. The plates were incubated at 378C for 5 days in
an incubator with 7% CO2.

After 5 days, the cells were fixed by replacing the cul-
ture medium with a 4% paraformaldehyde solution (PFA,
Mallinckrodt Baker Inc.). After 30 min at 48C, the PFA so-
lution was removed and the samples were stored in PBS
at 48C.

Immunostaining

The cells were permeabilized with three washes of
10 min with a 0.1% Triton-X solution in PBS. The blocking
step was realized by incubating the samples in a 5% non-
fat dried milk, 0.05% Triton-X solution in PBS. The cells
were then incubated in the blocking solution with a pri-
mary antibody, anti-b tubulin (Sigma, mouse IgG2b), or
anti-integrin b1 (Chemicon, rat IgG2a) at a dilution of
1:2000. The samples were then washed three times 10 min
with a 0.05% Triton-X solution in PBS. The samples were
incubated for 45 min in the dark in the blocking solution
with a secondary antibody: anti-mouse 488 or anti-rat 594
(Alexa Fluor from Invitrogen), at a dilution of 1:2000.
Finally the samples were washed again three times 10 min
with a 0.05% Triton-X solution in PBS. In the second wash,
a 1:1000 Hoechst solution (Sigma, 5 mM in water) was
added in order to stain the cell nucleus. For microscopy,
the samples were mounted in Mowiol on a glass slide,
covered with a glass coverslip, and sealed with nailpolish.
The Mowiol solution was made with 6 g glycerol (J.T.
Baker), 2.4 g Mowiol (Polyscience), 6 mL Milli-Q water,
and 12 mL 0.2M Tris buffer (pH 8.5). The mounted sam-
ples can be stored at 2208C for several months. They were
observed under a fluorescence microscope (Olympus AH-2
microscope) linked to an image processing computer.

Metabolism measurements

The Alamar Blue assay was used in order to determine
the cell activity, which can be related to the amount of liv-
ing cells. After 5 days of culture, the Alamar Blue reagent
(Biosource) was added to the culture medium at a concen-
tration of 1:10. After 7, 23, and 28 h, 100 lL of the solution
was removed and placed in a multiwell plate for fluores-
cence counting. The emitted fluorescence was measured at
590 nm with excitation at 510 nm.

RESULTS

Substrate conditioning by fibronectin

The chemical and morphological characteristics
of the homogeneous substrates are presented in Ta-
ble I.23,24 PSf and PSs are very similar, with an O/C
ratio measured by XPS close to 0, a water contact
angle close to 908 and a rms roughness equal to 1.7–
1.8 nm. PA98 and PA80 present higher oxygen sur-
face concentrations and a lower water contact angle.
These two substrates are similar regarding surface
elemental composition and water contact angle; their
surface roughness is slightly lower (PA98) and
slightly higher (PA80), compared with PSf and PSs.
To reveal differences of chemical functions between
substrates, XPS spectra of PA80, PA98, and PMMA
spin-coated following the same procedure were
recorded after immersion during 1 h in 1023M KOH
followed or not by rinsing during 10 min in water.
For PMMA and PA98, no potassium and no change
in the shape of C1s and O1s peaks were detected as a
result of immersion in KOH solution. As compared
with the native state, PA80 submitted to KOH was
characterized by the presence of potassium (K/O 5

0.04 and 0.15 with and without rinsing, respectively),
the presence of an O1s peak component at 530.8 eV
typical of carboxylate (fraction of the O1s peak equal
to 0.09 and 0.25 with and without rinsing, respec-
tively), and the presence of a C1s component near
288 eV typical of carboxylate. These consistent data,
particularly the observation of about 1 potassium ion
for 2 oxygen atoms of carboxylate nature, indicate
that carboxyl-carboxylate functions are exposed at
the surface of PA80, while they are not detected at
the surface of PA98.

Fibronectin adsorption isotherms were obtained
on the different surfaces in order to determine the
concentration to be used. Solution concentrations
from 1 to 50 lg/mL were used and the amount of
adsorbed fibronectin was evaluated by the nitrogen
concentration determined by XPS. The N mole fraction

TABLE I
Characteristics of the Homogeneous Substrates Before and After Fibronectin Adsorption

PSf PA98 PSs PA80

Before fibronectin adsorption
(O/C) 3 100 0.2 33 1.1 33.8
Water contact angle (8) [standard deviation] 89.0 [0.9] 71.0 [0.6] 85.0 [2.9] 65.5 [1.5]
Rrms (nm) 1.7 0.8 1.8 2.3

With adsorbed fibronectin
Rrms (nm) 2.7 1.4 1.5 5.9
Dimension of relief features (nm)

Lateral 50–150 50–150 50–150 300–500
Vertical <8 <8 <8 <30
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increased strongly when the fibronectin concentra-
tion rose to about 10 lg/mL and did not increase
much at higher concentrations (Fig. 1). In the follow-
ing experiments, protein adsorption was performed
using a solution concentration at the quasi-plateau of
adsorption. There was no major difference observed
from one kind of substrate to another.

Figure 2 presents AFM images of surfaces before
and after fibronectin adsorption (50 lg/mL solution):
homogeneous PS film (PSf), PMMA–PMAA spin-
coated on PMMA (PA98), and heterogeneous surface
obtained after spin-coating PMMA–PMAA on PS
(PA98/PS). Cross-sections show that PSf presents a
large lateral scale relief (lateral size of the order of

Figure 1. Nitrogen surface concentration determined by XPS on (a) PSf (&), PA98 (*) and PA98/PS (^); and (b) PSs

( ), PA80 (D) and PS-PA80 (!) after 24 h fibronectin adsorption from solutions at different concentrations.

Figure 2. AFM images (5 3 5 lm2) and associated cross-sections of surfaces of PSf, PA98, and PA98/PS (a) before and
(b) after fibronectin (Fn) adsorption from a 50 lg/mL solution. The z gray scale is 10 nm.
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1 lm) and that fibronectin adsorption adds a fine
roughness. This is revealed by the increase of the
Rrms measured on the AFM images (Table I). The
morphology of the fibronectin layer adsorbed on PSf

cannot easily be observed on the 5 lm images
because of the polymer surface relief itself. The dif-
ference resulting from adsorption is more visible on
the 1 lm images and the sections presented in Fig-
ure 3. After fibronectin adsorption, relief features
with a height below 8 nm are superimposed to the
morphology of PSf. Their apparent lateral size is in
the range of 50–150 nm. The PA98 surface (Fig. 2) is
very smooth. After fibronectin adsorption, particles
are regularly distributed on the surface, with dimen-
sions of 3–6 nm height and 50–150 nm width, and
Rrms increases slightly (Table I). The PA98/PS sur-
face (Fig. 2) presents inclusions of one phase in
another phase. Chlorobenzene, the solvent used for
spin-coating PMMA–PMAA 98-02, is also a solvent
of the PS substrate and causes its dissolution during
spin-coating. Polymer demixing when the solvent
evaporates leads to a nearly flat surface, with a PS ma-
trix forming characteristic rings around the PMMA–
PMAA inclusions.23 After fibronectin adsorption,
the surface of acrylic copolymer inclusions appears
to be below the surrounding surface. The fibronectin
behavior on the heterogeneous PA98/PS surface
can be observed in details in Figure 3. The images
and the cross-sections show that adsorbed fibronec-
tin forms many granular structures (up to 8 nm
high and 50–150 nm wide) on the PMMA–PMAA
inclusions, while the adsorbed layer is smoother

on the PS background. This is similar to observations
made on the homologous homogeneous surfaces.

Figure 4 presents AFM images of the other surfa-
ces: PS spin-coated on a PMMA film (PSs), PMMA–
PMAA copolymer spin-coated on a PMMA film
(PA80), and heterogeneous surface obtained after
spin-coating a blend of PS and PMMA–PMAA on a
PMMA film (PS-PA80). The PSs is quite smooth,
with a few holes spread over the surface. After
adsorption, the fibronectin seems to cover the holes
while a few positive relief features are observed in
the cross-sections; Rrms decreases slightly (Table I).
The homogeneous PA80 surface contains holes
spread all over the surface. After fibronectin adsorp-
tion, this surface presents a large-scale relief, with
characteristic lateral dimensions in the range of 300–
500 nm and differences in height up to 30 nm, but
granules are not identified, in contrast with PA98.
Finally, the PS-PA80 heterogeneous surface presents
a topography with islands. Solvent evaporation dur-
ing spin-coating induced phase separation, the less
concentrated PS forming islands in the PMMA–
PMAA, owing to the lower solubility of PS in the
solvent used (dioxane).24 The cross-sections pre-
sented in Figure 5 allow the adsorbed layer mor-
phology to be observed in details. Whereas the
islands and the baseline are extremely smooth before
protein adsorption, the surface becomes much
rougher after fibronectin adsorption. Two observa-
tions can be made: (i) fibronectin seems to accumu-
late at the edges of the islands, and (ii) besides the
edges, fibronectin forms a much smoother layer on

Figure 3. AFM images (1 3 1 lm2) of surfaces of PSf and PA98/PS before and after fibronectin (Fn) adsorption from a
50 lg/mL solution, with cross-sections at the location indicated in the images. The z gray scale is 15 nm.
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the PS islands (differences in height below 8 nm)
than on the PMMA–PMAA surface (differences in
height up to 30 nm). Except the edge effect, the
observations are again very similar to those made on
the homologous homogeneous surfaces.

Mouse cortical cell cultures

The substrates were conditioned by fibronectin
adsorption from a 30 lg/mL solution and used in
cell adhesion tests. Figure 6 presents representative
pictures obtained in a first set of experiments, show-
ing whole cells (a,c, staining for b-tubulin) and
nuclei (b,d, Hoechst staining). For the first group, i.e.
PSf, PA98, and PA98/PS, large clusters were found,
with some processes (outward projections). The num-
ber of cells per cluster, evaluated on images stained
for the nucleus, was comprised between 15 and 50.
For the second group of surfaces (PA80 and PS-
PA80), large networks were observed with many
processes over the surface. A few aggregates were

present, with a size not exceeding 5–10 cells. Stain-
ing for integrin b1 was also realized and showed a
co-localization with the b-tubulin. Note that no focal
contacts are found on neuronal cells, which rather
exhibit point contacts consisting in smaller integrin
aggregates without any characteristic shape.36

Quantitative approaches were used in order to
possibly discriminate the substrates regarding the
cell behavior. The density of adhering cells was
determined. The density of cells that were alive
before fixation was also evaluated on images
obtained by Hoechst staining: a dead cell has a very
small and bright nucleus, while a living cell has a
larger and unevenly stained nucleus. These results
were not accurate since certain cells were washed
during fixation and staining. However, the number
of living cells was proportional to the total number
of cells (results not shown). The cell activity was
evaluated by Alamar Blue measurements before fixa-
tion, after 5 days in culture, but the results (not
shown) were similar for all the substrates. Although
the two classes of surfaces differed according to the
formation of a net of processes, they did not differ

Figure 4. AFM images (5 3 5 lm2) and associated cross-sections of surfaces of PSs, PA80, and PS-PA80 (a) before and (b)
after fibronectin (Fn) adsorption from a 50 lg/mL solution (except PS-PA80, 30 lg/mL). The z gray scale is 50 nm.
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significantly regarding the average length of pro-
cesses. Signs of poor adhesion are clumping of neu-
ronal cell bodies and fasciculation of processes.37

Thus cell clustering (number of cells per cluster) was
tentatively used to discriminate the surfaces. The ra-
tio of cells in clusters over the total cell number is
presented in Figure 7. The replicates refer to differ-
ent substrate specimens in the first set of experi-
ments. Two groups can be distinguished: on the one
hand, PS, PA98, and PA98/PS, where most of the
cells are in clusters (about 70%, except on PA98,
where this ratio is lower), and on the other hand,
PA80 and PS-PA80, on which only 10–20% of the
cells are found in clusters.

The results of the first set of experiments were
ranked according to the proportion of cells in aggre-
gated form (majority of aggregated cells or majority
of individual cells), and the cluster size (small, me-
dium, or large corresponding to <10, 10–30, or >30
cells/cluster). The results are presented in Table II
(set 1). Their significance was further established by
other experiments involving a more rapid evaluation
that was designed to avoid bias regarding cell cul-
ture or substrate preparation. In set 2, two randomly
chosen pictures, representing 1% of the sample sur-
face, were examined and evaluated by eye according
to the same criteria. In set 3, pictures were taken sys-
tematically at four places of the sample using a

lower magnification, in order to cover about 8% of
the sample surface. The edges of the samples were
avoided as they could have been damaged during
sample manipulation. The polymer samples for the
three culture experiments were prepared at the same
time, except set 3B, for which new samples were
prepared and PSf was replaced by PSs. Table II
shows a constant distinction between two groups of
samples; moreover the proportion of cells in aggre-
gated form was correlated with the cluster size. On
the samples containing PA80 (PA80 and PS-PA80),
the majority of the cells were individual and the
clusters formed were small. On the other samples
(PSf, PA98, PA98/PS, and PSs), the cells were mainly
found in an aggregated state and large clusters were
formed.

DISCUSSION

Substrate conditioning by fibronectin

On PSf and PSs (Figs. 2 and 4), fibronectin forms a
rather smooth layer, with relief features below 5 nm
height and a width comprised between 50 and
80 nm. Knowing that fibronectin is a fibrilar protein
with dimensions of about 6 3 6 3 60 nm3, it may be
concluded that the relief thickness corresponds to
about a single layer of slightly flattened molecules.
According to the ratio between the thickness and the
AFM probe radius (about 5–10 nm) and to the appa-
rent lateral size, the latter is not much larger than
the real lateral size. After fibronectin adsorption, the
PA98 surface presents surface features similar to PS
with some granules which are thicker and better
resolved. The surface morphology obtained on
PA98/PS (Figs. 2 and 3) confirms that fibronectin
adsorption tends to produce a more regular layer on
PS and a more granular structure on PA98. In con-
trast fibronectin adsorbed on PA80 forms thicker
(about 20 nm) and broader relief features, as
observed both on the homogeneous PA80 surface
and on PS-PA80 (Figs. 4 and 5).

The nitrogen molar fraction given by XPS does not
significantly differ between the different surfaces.
However, as the substrate surfaces have a different
chemical composition, a comparison must be based
on a more detailed analysis of the results. The N/C
molar concentration ratio given by XPS may be com-
pared with ratios computed using models of the
adsorbed layers in which g and (1 2 g) represent
the fractions of the surface covered by a protein
layer with a constant thickness t1 and t2, respectively
(note that t is a cumulated thickness, neglecting
voids):

Figure 5. AFM images (5 3 5 lm2) of surfaces of PS-
PA80 before and after fibronectin (Fn) adsorption from a
30 lg/mL solution, with cross-sections at the locations
indicated in the images. The z gray scale is 50 nm.
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Figure 6. Images obtained by fluorescence microscopy of mouse cortical neurons cultured on substrates conditioned with
fibronectin, PSf, PA98, PA98/PS, PA80, and PS-PA80: (a,c) staining of the whole cell (b-tubulin), (b,d) nucleus staining
(Hoechst).
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where iC and iN are the sensitivity factors provided
by the instrument manufacturer for carbon (0.278)
and nitrogen (0.477); rC and rN are the photoioniza-
tion cross-sections for carbon (1.0) and nitrogen
(1.8)38; u is the angle made by the direction of photo-
electron collection with respect to the normal to the
sample surface (here u 5 0); C and k represent the

concentration and the electron mean free path in the
protein layer (superscript prot) or in the polymer
substrate (superscript poly, PS or PMMA): Cprot

C 5

61.21 and Cprot
N 5 17.15 mmol/cm3 (calculated from

the fibronectin sequence39 and considering a density
of 1.4 g/cm3),40 CPS

C 5 80.8 mmol/cm3, CPMMA
C 5 59.5

mmol/cm3,41 kprot
C 5 3.5 nm and kprot

N 5 3.2 nm
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(values calculated for albumin42), kPS
C 5 3.8 nm,

kPMMA
C 5 3.25 nm.41

Figure 8 presents parameters that are compatible
with the N/C molar ratios measured by XPS, on the
basis of Eq. (1). Two different models were consid-
ered, in order to determine whether fibronectin was
adsorbed besides the structures observed by AFM: a
first one involving a discontinuous adsorbed protein
layer and a second one involving a continuous layer
with two different adsorbed layer thicknesses. The
two models merge if the adsorbed layer is continu-
ous (g 5 1) with a uniform thickness t1. In this case,
the thickness could be in the range of 1.7–2.8 nm
depending on the substrate. If the surface coverage
by the protein is lower (discontinuous layer), the
minimal surface coverage that could fit the meas-
ured N/C ratio is in the range of 50–60%, depending
on the substrate. This is much higher than the
degree of surface coverage by relief features, which
was observed by AFM on PA98 (Fig. 2), PSf (Fig. 3),
and PSs (Fig. 4), indicating that fibronectin is
adsorbed in the space between these features. If it is
considered that the granules observed by AFM (t2 5

5 nm) cover 10 to 30% (1 2 g) of the surface, the
thickness t1 of fibronectin adsorbed besides the gran-
ules is comprised between 1.5 and 1.0 nm on PA98
and around 2 nm on PS. Figure 9 schematizes the
layer adsorbed on the heterogeneous PA98/PS sur-
face, according to the combination of XPS and AFM
data, with a thinner fibronectin background and
larger granular features on the PA98 inclusions com-
pared with the PS matrix.

In the case of PA 80, AFM shows the presence of
a rough adsorbed layer with differences in height up
to 20 nm (Rrms 5 5.9 nm). The XPS data are compati-
ble with a degree of surface coverage g of about 60%

Figure 7. Proportion of mouse cortical neurons in clusters
after culture on different substrates conditioned with fibro-
nectin.
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(discontinuous layer, t2 5 0; cf. Fig. 8). Owing to the
small depth analyzed by XPS, the same results are
obtained for any thickness above about 8 nm. Alter-
nately, a model with a portion (1 2 g) of the surface
covered by a layer of thickness t2 5 20 nm was con-
sidered. It appears then in Figure 8 (PA80, plain
line) that the XPS data are compatible with a surface
coverage by fibronectin aggregates lower than 60%
(1 2 g) provided the rest of the surface is covered
by a thinner (up to 3 nm) layer. It appears thus that
all substrates provide a high degree of surface cover-
age by fibronectin but differ according to the size of
fibronectin aggregates. This is much larger on PA80
compared with PA98 and PS. The state of aggrega-
tion may not be related to marked differences of ox-
ygen surface concentration, apparent hydrophilicity
or surface roughness. However it is related to a
higher surface density of carboxyl-carboxylate func-
tions conferred by the PMAA segments.

Mouse cortical cell cultures

Among the investigated substrates, two were
favorable for cell spreading and growth, as the cells
were individual and their processes formed an
organized network. These two surfaces have in com-
mon the presence of the PA80 copolymer, while one
of them is homogeneous, and the other one is heter-
ogeneous with PS islands. In contrast, homogeneous
PSf, PSs, and PA98, and heterogeneous PA98/PS

induced cell aggregation, an evidence of poor inter-
actions with the substrate. Adsorbed fibronectin, as
observed by AFM, showed different morphologies
according to the polymer, with the PA80 surface
inducing a much rougher adsorbed layer. The pres-
ence of PA80 and the resulting aggregation of fibro-
nectin in the adsorbed phase thus appear to be criti-
cal factors for cell spreading and growth.

The PA98/PS sample (topography showing rings
of 0.15–1.5 lm diameter and up to 8 nm height)
affects the cells in the same way as homogeneous
PSf, PSs, or PA98 samples. The PS-PA80 sample,
with its particular topography (protruding islands of
0.5–1 lm diameter and about 40 nm height) induced
by the PS inclusions in PA80, does not affect the
cells differently from the flat and homogeneous
PA80 sample. The cell network formation observed
here thus seems to be exclusively linked to the fact
that a high proportion of the surface is covered by
strongly aggregated fibronectin. It does not seem to
be influenced by inclusions characterized by a lower
fibronectin aggregation and responsible for surface
protrusions in the range examined here (surface cov-
erage below 30%, height below 40 nm, and lateral
size below 1.0 lm).

The influence of the substrate wettability deserves
consideration. The tendency of cells to adhere,11–14

spread11,14 or differentiate15 on hydrophilic supports
conditioned with fibronectin has been observed for
other cell types cultured on fibronectin. In the pres-
ent study, there is no general link between fibronec-
tin adsorption or cell behavior and apparent surface
hydrophilicity. PA98 and PA80 have only slightly
different water contact angles (718 and 668, respec-
tively), but induce different fibronectin and cell
behaviors; on the other hand PA98 and PS show a
larger difference of water contact angles with similar
behaviors. The global hydrophilicity as evaluated by
the static water contact angle may be too raw to dis-
criminate surface properties. The acidic functions
and the surface electrical charge appear to play a
role by influencing fibronectin aggregation. As the
isoelectric point of fibronectin is 5.6,39 aggregation
would be favored by a repulsive electrostatic contri-
bution. Surface charge effects on protein adsorption
or on cell behavior have been reported,2 but no gen-
eral tendency could be established, the cell response

Figure 8. Plot of surface coverage g versus thickness t1
showing the pairs of values compatible with the N/C
molar ratio measured by XPS after adsorption of fibronec-
tin on the homogeneous supports PSf, PSs, PA98, and
PA80. The dashed lines correspond to a discontinuous cov-
erage (t2 5 0); the plain lines correspond to a continuous
layer for which the fraction (1 2 g) of the surface is cov-
ered by a layer of thickness t2 5 5 nm (thin line) or t2 5
20 nm (thick line, PA80).

Figure 9. Model describing fibronectin adsorption on the
heterogeneous PA98/PS surface (fibronectin is in gray).
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depending on cell type, surface chemistry as well as
surface charge. Miller and Boettiger43 reported an
increase in spread area for fibrosarcoma cells grown
on negatively charged PS compared with the
uncharged polymer substrate, whereas the same
amount of fibronectin was bound to both surfaces.

The cell culture media used here contained pro-
teins (albumin, catalase, insulin, superoxide dismu-
tase, transferrin). None of these proteins is an adhe-
sion protein; on the other hand they may displace fi-
bronectin and have an adverse effect on cell
attachment. Moreover, during the culture, the cells
secrete different proteins, including their own adhe-
sion proteins.44 The exchange between fibronectin
and albumin has been studied several times. Albu-
min is the major competing protein since it is pres-
ent at high concentration in serum-containing culture
media.10 For pure PS and tissue culture PS (surface
oxidized), Grinnell and Feld11 found that only a small
amount (10–20%) of fibronectin could be desorbed by
sequential incubations. Klebe et al.45 observed a similar
cell behavior, whether the substrate was conditioned
with fibronectin alone or with fibronectin and sub-
sequently albumin, on a series of substrates with
different wettabilities. Finally, Renner et al.10 found that
preadsorbed fluorescent dye labeled fibronectin was
more readily displaced when exposed to a solution of fi-
bronectin, compared with a solution of albumin or with
pure PBS. It appears thus that adsorbed fibronectin is
not easily displaced from the surfaces.

Antibody binding assays allowed a comparison to
be made between the exposure of different ligands
towards the solution.12 The exposure of ligands
involved in cell adhesion was relatively enhanced
for fibronectin adsorbed on tissue culture PS com-
pared with PS. The difference was observed in a
wide range of the amount of adsorbed fibronectin
(average thickness from below 1 to about 7 nm).
Labeling of the sulfhydryl group located near the cell
binding domain14 showed different fluorescence emis-
sion spectra for fibronectin adsorbed on glass and on
silanized glass, indicating a different environment for
these sulfhydryl groups and hence different fibronec-
tin conformation on these substrates. The influence of
PA80 on neuron cell behavior through the morphology
of the adsorbed fibronectin layer may tentatively be
attributed to the exposure of ligands. This could possi-
bly be due to a change of conformation induced by
aggregation; however aggregation may also be itself a
result of a change of conformation upon adsorption.
Furthermore Altankov et al.16,46 observed that, if the
interaction of fibronectin with the surface is too strong,
the cells are not able to reorganize their matrix.
Accordingly the rougher morphology of the fibronec-
tin layer adsorbed on PA80 might be more favorable to
cell adhesion because of easier remodeling by the cells,
owing to a weaker interaction with the surface.

CONCLUSION

Whereas fibronectin is adsorbed in similar
amounts on the surfaces studied, the adsorbed layer
morphology was found to be dependent on the sub-
strate nature. In comparison with PSf, PSs, and
PA98, the layer formed on PA80 was much rougher,
with relief features up to 30 nm in height. The neu-
ronal cells cultured on these surfaces were found to
form large clusters on substrates of the first category
including PS with PA98 inclusions, which indicates
poor interactions with the substrate. In contrast, the
cells cultured on PA80-containing surfaces formed
large networks with only a few small aggregates.
The fibronectin morphology observed on PA80 is
thus more favorable for the formation of neural net-
works, possibly because of a better exposure of
ligands or an easier remodeling by the cells.

The influence of the chemical functions at the sub-
strate surface (anionic groups) on fibronectin aggre-
gation and thereby on cell adhesion appears to be a
dominating factor compared with global differences
of elemental composition or apparent hydrophilicity.
It is not prevented by defects due to heterogeneities
in the range examined here, i.e. surface coverage of
weakly aggregated fibronectin below 30%, topo-
graphic heterogeneities with height below 40 nm
and lateral size below 1.0 lm.
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